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ABSTRACT

This manual deals with the thermal anti-icing of aircraft wing and
tail surfaces which are protected by double-skin heaters. After a brief
introduction, reference material is presented for pressure drop of duct
componenta, water impingement on airfoils, and coefficients of heat and
: o . masg trinsfer by convection. The last parts of the manual are devoted to
v . masy and heat balunces on airfoils and to a design procedure preaented
I - from the viewpoint of performance analysis.
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NOMENCLATURE

Note 1: The symbol 1b 1s used for pound force end 1by for pound mss.
owever, in imny places the subscript m has been deleted where the
unit is clear,

Note 2: The symbol F 1is usedt for the unit, Fehranheit degree (tesperature
ifference). One Rankine degree is equal to ocne Fahrenhe.t degree;
hence, the symbol F 1is also used for a degree on the absolute tempera-
ture scale., The symbol *F is used for the temparature, that is, the
place on the Fahrenhelt temperature scale.

Note 3: The prime (') and double prime (") are used with such symbols as
m, q, W, and w to denote that the quantity refers to a unit of length
or a unit of area,»respectively.

Note Lz The bar (=) over a symbol denotes & mean value of the quantity.
The arrow (—) denotes a vector quantity.

Note 53 The‘superscript + indicates a dimensionless quantity.

Symbol - | Quantity © Unit

A ares - o ) o f;;?
a . droplet radius; width of passage - £
b;b ' costficiont of mese transfer . _ ft/hr
b height of passege R o ‘ £t

C constant

Cc 'total’pressurp-losumcoefficient factor

' for diffusers

c. pitch of currugatigh ' 'ft
CD dfag-coefficient | '
Ci 1ift coefficient
Oy defined by Eq. 2-21
CP pressure coefficient
Cp specific heat B/lbm F
D mitual diffusivity of water vepor in air ££%/hr
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K
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L
M
N
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Quantity Unit
droplet diamster microns
duct diameter £t

accumulative collection efficiency

total collection efficiency

function; factor

compreaaihilit.y factor

coefficient of frlcticn defined by Eq. 2-3

ratio defined=by Eq. =22

_rat.e of flow per unit area 1b/hr £t2
congtant .of acceleration due to g#_avity £t/ sec?
ratio defined by Eq. 5-23 |

total pressure » ' l':)/i‘\t,2

ecafi‘icient of heat transfer : B/hr £l

over~all coefficient of heat, tfa.nsfer Byhr ftz-'F
St mod/ . :

enthalpy . ; " B/1b-

defined by Bq. 2-33

mechanical equivalent of heat. o Tt 1b/B

cosfficlent of total-prs‘séure loss .
inertia'ps.rameter_d'efin'ed by Eq. 3—7
pres.sure-tanmerature correction .fa‘qtor

average inertia parameter defined by Eq. 3~22

thermal conductivity ‘ B/hr ft F
length; chord length It
Mach number -

molecular weight 1b/1b~mole
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Symbol . Quantity Unit

m fuler number
m rate of evaporation 1b/hr
Ny, Nusselt number, hL/kO
NHu,D Nusselt number, hD/ki.
N, L Nusselt number, hl/kf
NI’ .  Prandtl number
| -NRE‘ Reynolds number,‘ UoL?o/ /"o
NRe,D _Reynolds number, Uonef//uf
NRe, d Rsynolds number, U Dy f’o/ }*o
ol Reynolds nusber, U L ?.P/ Ps
»"NS 0 ‘Schm.id’t numbe;' ' .
- Ngy S‘han.tmn number, h/(UO ecp)‘ o
(Nst)mod . m_oéﬁ_.i}ed Stanton #mber, /U,
n exponent; mumber of vanes »
‘ ' ' " : K "llb/.ft_ 3
p © .pressure in.~-mercuny;
o , _ _ in.~mater -
Q volumetric discharge ‘ £13/s8c
q rate gf-heét'.transfer ) . o B/hr
n gas cbxxstgét' - £t l_bi'/lbmF_
r radiug - It
5 profile distance - i
sH"‘ ~heated distance ft
T absolute ' temperature ‘R
t temperature °F
U velocity  ft/sec; knots
u local velogity of alr relative to airfoil ft/sec
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Quantity Unit
specific volume L £3 /1

local velocity of droplet relative to ajrfoil ft/sec

rate of impingement 1b/hr
rate of flow 1v/hr
wldth ' ft
profile abscissa e
height; depth | : e
profile ordinate | - 1t
alrf01l thickness _ ‘ o ft

defined by Eq. 6=13 and -lh

angles’ » o degrees

-fractiéns »
local collection efficiency defined by Eq. 3-28
. -defined by Eq. L=3 |

specific weight ,, | 1o/£7
angle . S ' : ' ‘ " degrees

boundary layer thtckness in Eq. 29 - o £t

) surface wetness fraction

fin erfectiveness

local recovery factor

. defined by Eq. 2-26

half divergence angle of diffuser
defined by Eq. 6-15 o F
ratio of specific heats

defined by Eq. 2-2 in Section 2-12.1
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- Quantity Unit
empirical parameter in Sections 2-11.1
and ell.z
latent heat of vaporization in Chapter 6 B/1b
slug/ft seo;
dynamic viscosity lbm/!t hr

kinematic viscosity £+2/8ec; £t2/hr

defined by Eq. 2-25

density slug/tt; 1b /1t

angle o . ' degress

parameter defined by Eg. 3~15

_ pﬁrgmeter defined by Bq. 3=1L

specific humidity
1iqﬁ;d wmter content . - gfcu meter:
| SUBSORIPTS '

Quantity ‘ ‘
chordwisge atatlons along double—skin_paasages

air; air‘in dduble¥skin passage

bulk;-branch‘

contraction; convectioﬁ; cylinder; corrﬁggtion
dropletg_dqct

efféctive; aquivalent; elbow;”‘

eiii; expansion

film

double-skin gép or passage

incompressibie; inlet; index

isothermal

—
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tot
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1,2',3,00.

Quantitz

index

lower surface
laminar

free stream; orifice

maan

-gurface
skin

stagnation point

total or stagnation condition

transition

turbulent

upper gurface

‘vapor -

water

x~direction

- y-direction

outer édge of boﬁndéry layer

sections; stations

oxall




Chapter 1 INTRODUGTION

1«1 Scope and Objectives.

This manual deals with steady-gtate, or continuous, thermal anti-
fieing of wing and tail surfaces, The heating medium of any system con-
gidered here is asgumed to be hot air flowing along inner gurfaces of the
gicdn, that is, through so-called double-gkin heat exchangers.

Specific objectives of the manual are to provide methods and reference
matérial for the désign of continuous thermal anti-icing systems in wings
and ampennages insofar aa the thermal design is to be considered. _Other
aspecta of tha design, such as the salection of a heat sourca, the perform-
ance. of. the power plant during lcing coiditions, the effect on range of
flight, the economic aspects, ete, are not. treated here but nay be found
in other places. For exampla, Tribus. (Ref. 124, Chapter III) deals with
some of these problems. '

While'only anti-icihg is Yelng éonsidéied; & large amount of the
reference materlal, such as the data from caleulation of water. droplet
'trajectorles, may be used for calculations on mechanmca;, chemical, and -
cyclic de-iclng aystems. .

1=2 'Metebrol*g;cal Design Data :
The rate of water impingement will be found to depend upon the fol-

lawing meteorological quantities. liquid water content, droplet sizes,
and temperature.. A typical gset of these ‘quentities iget '

liquid water content....e.....045 gram/cubic. meter
droplet size (Unifofm)seesessesnesossss,20 microns

air "Demperatul“e........-.....-.....-,_-.........ls_o_F

Several investigators (see, for example, Ref, 52, 67, and 83) have taken
steps to reach methods of selecting the meteorological quantities as well
lTh@ unitsy are those generally employed in this fisld of application.

To change to conalstent engineering units, consult Table A~L in the Appen=-
dix of this manual.
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ag ‘horizontal end vertical extent of icing condiﬁions. It will be supposad
that the designer enters ithe text with kﬁowledge of the icing conditions
against which he desires to protect the airplane. The next few sections
contain the spproximate ranges of the meteorcioglcal quantities and gome
aof their influences., In regarding them, it should be borne in mind that
extreme combinustions of the meteorclogiecal quantities have been found to
be infrequent. Thus, while simultaneous low temperatures and high amounts
of 1iquid water content would produce extramaly hazardous icing, this com-
bination of properties hag a.loi probabil‘ty‘because the supercooled‘water

droplets in a cloud freeze in increasing numbers as the temperature de-
creases. Other more or less. fortu1tous relationships between meteorolcgi-

cal quuntities seem +0 occurs Moreover, the experienced pilot, whenever

_ possible, avoids or reduces the effect of lcing by changing his course, .

speed, or both.

152.1 Influénce and Range of liguid Water Content
' ' The rate of water catch increases in direct proportion to tha

. ligquid water coneent. Its quimum‘velue is reported to renge up to

1.8 grams per cublc meter in‘cumulusfclouds (Ref. 129). Stratus—type
clouds seldom oxceed 1.0 gram per cuoic meter and usually have only a few
tenths gram per cubic meter (nef. 129).' '

'1-'-3.2'_ Ini‘luence and Range of Droplet Size

‘The droplet size influences the rate of water catch in a very

'complex way.‘ All other variables remaining fixed, the rate of water catch

1ncreases wlth inorea51ng droplet aize. Calculations aro usually based on
a mean effactive diameter,,which is the diameter of the droplet such that
half the 1iquid water contert lics in droplets of lasser diameter and the
other half in droplets of greater diameter. Msan effective diameters
range from about 5 to S0 microns diameter. Tribus (Ref. 12k, page I~3)
shows thet at moderate altitudes and Lemperatures, high liquid water con=
tents and large droplets seldom occcur gimultaneously. '

The experimental results of Dorsch and Hacker (Ref. 36) and the
statistical investigation by Levine (Ref. 82) indicate that droplets of any
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given size freeze spontaneously at a‘markedly high rate when their tempera-
ture is lowered to a particular value peculiar to that drop size and that
the average spontanecus freezing temperature of each size grouw decreases
with decreasing droplet size. It appears that for all practical purposes
of the present application it may be asaumed that no liquid water exists

in the atmosphere when its temperature falls to -L0°F or below, although
in ;aboratory tests auparcooled water has baen shown to exist at lower
tamperatures.

"1=243 Mean 1ﬂigg;§tmosphare

From 00 icing cbssrvations studied by Hacker and Dorsch (Ref.
52), it was found by Brun, Seraflni, and Moshos (Ref, 27) that the average
‘icing temperature of the atmosphare at any altitude differs somewhat from.
the varrasponding temperature of the NACA Standard Atmosphere (Table A-J,.
These temperatnres are plotted in Fig. A-1; averare icmnp temperatures are

o represanted by the solid iine and standard temperatures by the dotted line.
In this manual nany of the calculation aids ere- congtructed with the”idea_ﬁ

that the temperatuie of the atﬁosphere is uniformly 15°F. Thié'is congigte
ént with the assumpﬁion that large droplets and high watﬁr'coﬂtents may

“oceur at any altitude and alloﬁa conservative bases for design. In any
;caag,.ﬁhg elationship between presaure and altitude is that given in
. "-Teble A-l,

C1-2.k . Influence of Meteorological and Flight Parameters on Heat

Requirements .
It.will be seen thet the heat provided to the skin of a wing to

protect 4t from icing is digsipated mainly in heating the water that col=-

"vlects,oﬂ‘ths surface, in evaporating the water, and by forced convection.
Je L. Orr (Ref. 103) presents resnlta of calculations to show the effects

of variations of the major meteorolegical and-flight parameters on the heat
required per unit time per unit area to maintain the stagnation ragion of

a circular cylinder fres from ice and at 32°F. Some resulté of thoge cal-
culations are now summarized.

The heat required is almost a linear fTunction of the air tempera-
ture, increasing as the tempsrature decreases. Also, the heat required ias
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a linear function of the liquid water content, increasing as the liquid
watar content increasea. As the mean effective droplet diameter increases
and approaches 20 to 30 microng, the heat lead incrsases, appreaching a
practically uniform amount,

The altitude has a relatively minor effecvt. The reason is that
the reduction in convective losses due to decreased density is offset by
an increase in evaporation lesses due to reduced pressure.

Small ;ylinderq are less sffective in deflecting the water drop-
lets than large cylinders. For this reason small cylinders require rela-
tively much ﬁore hea£ per unit are# than large cylinders. The influence
of size is less noticeable:among c&iinders of large diameters.

Velocity has an important influence. As the speed increases
from zero velocity the heat requirement reaches a peak and then diginishes,

' chiefly on sccount of the kinetic heating due to skin friction. It is

highly probable that any alrfoil moving with Mach number graater than
unity woulq remain free of ice, not,requiring any heat other than that
provided b&'aerodynamic heating. Certainly, under ordinary circumstances,
at'Mach nﬁmber 1.5 any auxiliary heating would be unnecesbar&; the water
would remain in the liquid phase and run off the trailing edge. Howeyer,
if the criterion of design is complete evaporation without runcff, the re=—
quired ‘rate of heating is very high, even when the apeed is well in the -
superaonic region.'

The qnalitativa remarks in the preceding paragraphs apply equally
well to the stagnat*on region. of airfoils. Beyond the region of stagnation,
the relative amovnts of heat lost by aensible heating of the water, by
evaporation, and by convection can ba considerably different from those -
/illustrated in Orr's grapha.

Also, runback beyond the heated area can be to.erated when spoeds
are high enough so that the aerodynamic heating maintains the runback in
the liquid phase.
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1-3 Description of Hot Air Anti-Icing Systems

Figure 1~ is & cross section of a typical double-gkin heat exchanger
in the leading edge of a2 wing. The i1mer skin may have any of the shapes
shown in Fig. 1-2, The corrugated and dimpled types are usually made of a
thin metal which can be easily pressed. The height of the gaps may vary
from a large fraction of an inch in the case of the sinusoidal shapes to
about 1/8-inch in the case of the rectangular or trapezoidal shapes, although
much smaller gaps have been reported. Some typlcal dimensions of the pas=—
sages are shown in Fig. 1-2(e), d(f},:and ~(g)e The haights of passages
made with spacers or by milling operations are most edsily controlled
in production. The passageways must be kept clear of any foreign materials
during assembly, particularlx if they are thin, tThe inner‘skin ig usually

fastened to the outer skin by means of rivets.

' The entrance to the passages shown in Fig., l-1 is rounded‘by means of
matal strips fastenad over the peaks of the corrugations. -Hewever, in cther ”
cbnstructions the entranCeS]héve"been.left sharp, and in soms cases the
upper and lower panela have been made continuous, the alr entéring at the

"leading edge through one or morg orifices per passage. The orifices &re
" sized, often by test, to meter and halance the flows through’ the ccrrugatlone

The same purpose is served bv the orifices at the outlets of the corrugations

H, shown in Fig. 1-1.

The seéls,at the-end of the corrugations and similar seals along the

~edges of - the individual punels are importaht, Ir they are not provided,
"~ the system may become so unbalanced that insufficient heat will be provided
~along many passages, and icing will owveur. Several mastics or caulking

compounds are available to make the seals.

Other typeé of distribution systems are shown in Fig. 1l-3., In Fig. 1-3(a)
5 liner.is uged and the air is directed in such a way that it makes a double
pasg. The liner is used to provide a more uniform channel through the D
duct so that pressure losses are reduced (Ref. $8).

In Fig. 1-3(b), the supply duct passes behind the front spar. This
duct should be insulated because it is in a region of low temperature.
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Insulation should be inserted between the duct &nd the supporting brackets
in order to reduce the influence of through-metal conduction. This type
of distribution is sultable where large ducts ars needed as in low~pressure
anti-iecing systems in thicit wingse.

A modification of this typs of distribution system is shown in Fig.
1-3(¢). . The supply duct, which is perforated, passes through the D duct.
This arz:angament has been used in high-pressure anti-icing systems where
wings are thin, where little space is available i“omrd of the front spar,

. and where the supply duct is small, The orifices meber and -ba]ance.the

flow,

A.nother modification for a high—pressure system is shmm in Fig. 1-3(d).

. _Here, parb of the air is recirculated. In this cass the supply air may be

at quite a high temperature. In ons deaign, about 70 per cent of the aip

flowing through the cor&'ugations has been recirculated.

Other ‘c.ypes of distribution systems have been employed and auggeated. _
An anti~-icing gystem based upon spanwiae flow of the hot aiyr instead of
chordwise flow is analyzed in Ref. 26.° Only the chordwise heaters, which

~ab this time seem to be mor practical from the viewpoint of manufacture,
~are considered in this manual,

The simple tjrpes of passdggs,shown'.diagra,mmatically in Fig. 1~2 may
be combined in a single ‘double—skin heat exchanger, and in some cagses the

- distribution system may be quite complex. Figure 1-4 is a sketch of B

heater comprisen of ‘spacer and dimple—type passages in the leading edge of
a wing with a slat. Warm air exhauating Lhrough the orifices in the slat
passss down between the glat and the main pért of the wing to keep the aspace
between 'bk;elﬁ' free of ice. The heater on the lower surface is longer than
thb heater in the uj:per su.ff"ace bécause the area of :‘.mpingemenb on the lower

-surface is largers

Sore of the complex detalls of the supply duct and corrugated double~
skin heatérs in a vertical stabilizer are shown in Fig. 1-5.

.

WADC TR S5L-313 9
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DOUBLE —-SKIN HEATER IN THE LEADING
EDGE OF A VERT AL STABLIZER
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‘operation is obtained. If this condition cannot be met w;thjn the limits -

- energy, the deaipn must be altered until a satisfactory solution is attained,

l=li The Desipner's Problsm
The designer must determine the size of the passages, their arrangement,
the amount of heated air, and the air temperature required to keep the ex~

tarior surfaces free of ice. Having detemmined a physical arrangement; he
will also be called upon to analyze its performance under any glven flight
and icing conditions. Neel (Ref. 98) suggests that space limitations and
the available heat supply often will determine the physical arrangement of
the anti-icing system and that the design procedure bacomes one of detere
mining what temperétura and what rate of air floa should be supplied to an

arbitrarily chosen system.

‘The Pwrpose of the next chapters is to provida some methods and refer-

‘ence materials to aid the designer in tha calculations to mest these ends,, ‘
‘Details of manv 1ndiv1dual problemsg are stizl ungolved; therefore, the de- !
. sigher must bring to this task his kncwledge cf the engineerlng selences and

|

the arts of engineering pracbice ‘which he galns by experience. So far, 6X=
perience has shown that tha general techniques set. forth in the follow1np 1
pages lead to- rather satisfactory results. ' (

Fpllbwing Neel's sugpested brocedure, the designer, either by experience

‘or by'preliminary caleulations to be described later, arrives at & double=

akin heat exchanger and supply system. : Then he analyzes the systom, ade
just1ng the inlet temperature of the uir and its rate of fl ow uht 1 effective

af‘avai%abla flow, permissible temperatures, and allowable expenditure of -

The final check is obtained by flight tests in icing weather,s

WADG TR Sh=213 12




Chapter 2: AIR FLOW IN COMPONENIS OF Ah’i‘I«IGiNG SYSTEMS

2-1 Introductory Remarks

The designer may be faced with either of two general problems. Ducts
will have to be sized for the proper distribution of a predetermined amount
of hot air. Or the distribution of the flow through a given antl-ircing
system will have to be determined in order to analyze the performance of
the system. The purpose of this chapter is to provide sonie relationships
and reference material to sid in solving either of these problems.

Results from many investigations on frictional renistance in straight
cireular ducts have often péen ghown in the 1iteraturéi£o be in satisfactory
agréémént. Investigations on othar compbnents such as elbows,‘brgnching
‘ducts, and so forth, have Lown so diverse with regard fo configurations and
flaﬁ éharagteristics, that gensralization of this information uswally hgs
. presénted difficulties. Fortunately, calculatiens.bésed on the methods
and data of this manual,lwhich‘have been tgken_m&inly from wéli known ‘
bourcea, geam to be sufficiently accurate for thevpresenthapplication.

.~ Energy losses of air flowing in a duct cystem depend'upoh the con-
, figuratioh of the conduit, the nature of the flow, and the physiéal_proper—
- ties, ‘ : ‘

2-1,1  Configuration - |
The configurations and the maﬁariél of the cordult play the most

important role in 6onsideration of the pressure drop. Changes of magnitude
and direction of the fluid velocity and distributions of the flow and statlc
‘piessure are influsnced primarily by the geometry of the passages. Thus,

an abrut change of cross section may cause large energy losses. The surw
-face roughness may change the nature of the flow and increa¢e the frictional
losses.

o

2=1.2 Nature of the Flow
The distribution of velocity approaching zny slbow or other fitting

is kmown to have considerable influence on the losgses. This influence is

WADC TR GL=-313 13
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| 'éxtrcmely comp;lax_, and the designer is usually satisfied to approximate the

lomses by assuning that the distrlbution is uniform.

As is well kuown, fzdctional loszes are much greater in the case
of turbulent flow than in the case of laminar flow. Ina straight circular
tube, thé flow may be congidered laminar if the Reynolds number is less
than 2300; in a ourved tube the critical Reynolds number may be greater.
Above' 10,000 and in long ducts, it may be assumed that fully developed tur—

. bulence has’ devaloped. . Betwaen these two valuea a transition occurs which

cannot be well definad. In any case, a region of transition ocours inside
f,he entrance. '

2-1'31.3 ' __zsical Properbies . :
The major properties entering the discussion of fluid flmr in in-

terml ayatems are density . and dynamic viscosity. u . The ratio IU/P .
: alao ocours; it is denoted by v and called the kinanat.ic viscogity. "

Tablea A-l amd =2 Day be used to evaluate these qumt:.ties. The de.nsity

" of the air knay e calculeted » ‘also, by means of the relstionship of - state,

e="§1-. T .(2-1)

Taking [r] =1 /£t2 L'x'] = °% and R= 53,3 1t lbf/lb F, the units of

P are lbm/f-b3. For all practical purposes the gpecific weight r has D
" the same numerica" value as f\) out ite units are f!.bt./i‘t3 It may be re-
’ 3 ,called that. A e is expressud in alug/ft3 then 3‘ eg.

The flow is conajdwrad incompreqsﬁble cr‘* compressible, depending
upon :whethei- the dengity changes with the pressure or not. In most cases
the denautv may be regarded &s virtually constant and in the following

:"ecticms, unless otherwise specified, the flow will be considered incom=-

presnible .

1For_the bracketed sxpressionsg, "[..._]", read, "the units of ...%,

WADC TR 5L~313 1k
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2-1.,'  Frictional and Fitting Losses
™e sum of the static pressure and the dynamic pressure 1s called

the total pressure:
_— 1l _
H=p+3 eUQ (2-2)
.In a system without energy 1osses, H would be uniform. In this manual

logses of totdl oressura due to fluid friction, as in the case of flow
th“ough straight tubas, will be called frietional losses, all other losses,

~such as those due to. elbaua, diffusers, branches, and so forth, will be
‘callad fittlgg lossas.

In accnrdance with the principle of continuity, since the ‘effect,

’ of nnn-uniform velocit" distrlbution is not considered, the dynamic pressure

QU%/? in a duct, of constant, cross—sect*onal area. 1§ constant and the loss

.-nof_total”pressure is_equal to the 1oas of atatic prassure.

Since, in most practical cases, the pressure losses are approxi— v

. mately proporﬁlonal to the square of the air velocity, losses may be re-
! duced by using ducts of large sﬂze. "Frictional losses in short straight
“ducts of constant cross—sectional area are relatively small. compared with

fltting 1osses.- Therefore, care 3hould be taken to keep the number of

' fittings as small as. possible.

2*2 \”ressure Drop in Stra.ight Tubek .

Tha pressure drop due to frlction of alfluid,flowing in a tube is cal—

» ’culated by méans of the narcy-Weisbach equation, )

A . -

éﬁgf%U

2 ‘lﬁ K “;. i o;. .
o % ZJU"' g . (23) -

_ Where' U' is the'méan‘vélociﬁv. If [Uj = ft/sec, [?j = 1b/ft3, g = 32,17

f%/sec » then [Ap]= lb/ft . The friction ooeffic1an+ £ isa fuiction

‘or tha Reynolds numben and surfa Ce roughness, Figure 21 shows the friction

coefficient f for .smooth tubes based on valueo from Ref. 96. It may be
noticed that thare are well establ¢shed cornel1flons for the friction

WADC TR 5h4-313 15
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* coefficient of entirely laminar or fully,developed turbulent flow, Infor-
mation for the transition region, which probably exteids over a broader
range of NRa than that shown, is not well established.

In order to facilitate the calculation of pressure drop for air in
straight tubes Fig., 2-2 and =3 have been constructed.l Flgure 2-2 shows
values of pressure drop in In.-water per foot length of tube as a function
of the welght.rate of flow and tube diameter. ‘The diagram 18 based on
300°F t.emperature and 29, 92 in.—mercury pressure. )

To obtaiu a pressurs drop for any tamperature and Pressure the value
of 12 taken from Fig. 2-2 must be multiplied by the correction factor .
Kpt given in Fig, 2=3. The factor Kot includea the influencee of pres-
sure and temperature on the fluid properties. . :

2-3 FPressure ﬁop in Elbows

4 loss of total presasure oaoars when air paseee around a bend. This

" logs ig caueed mainly by regions of reverse flow due to separation and by -

eddying mot.ione whose kinetic energy cannot be completely t-ecovered. A
‘ralat:lvely small loss ie cauged by friction. ‘

: For a bend of um.‘orm cross-eectional area the loas of static pressure

. is equal to the 'Loss of 'botal progsure and e expressed as a t‘ra.btion ‘

'-of tha dynamic pressure. Thue, , )
Co - E i K R

T LA

where 'K_ i the sosfficlent of total ~pressure loss. Locklin (Ref. 8l L)

* shows that ‘the value of K, deperds on (1) the Reynolds number, \<) the
radius rati;» and the. asp# ’b ratio, (33 the angi: of Jaflect. m, and ()) the

terminaton of the elbov,

1Bimilar figures appear in Ref. 111,

4
~1
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2-3.1 Influence of Reynolds Number

Patterson (Ref. 10L) aocted that a ten-fold increase of Reynolds
number may reduce the hend~loss coefficient about LO per cent, Pigott
(Ref. 106) has introduced the influence of surface roughness and Reynolds
mmber in the following empirical equation for the losa coefficlent in

round and square elbows,

‘ ~245 .
Kg = 0:206 <§) 7+ 2000 'f2’5 Ny C o (2-8)

The first term represents the net loss hoefficient for. a fictitious smooth
elbow; R. is the radius of the curve and ¥ is the depth in the nlane of .
curvature}' The gecond term gilves the increase due to combined effects of
roughness and Reynolds mumber, the friction factor being used to characterize
these two factors. Tha lésﬁ-term'giVes the frictional loss, L being the
‘length of the denterline. e '

S 2ge2 Inrluenca of Radiug and Aapect Ratlos : -
3 . The results of investigations by Hirt (Ref. 132) and Hoffmann
(Refs 61) on the affect of rmdius ratio (the radius Bl curvature of the
centerltne divided hy the depth in the plane ‘of curvature, tha+ is, R/Y)

' . on the loss around 90 cormers revealad that for beat performance of the

elbow theradius ratio must be 3 or more. Whereas it is. penerally agreed
i‘that the inside sorner must be well rounded some question ramaina about the
- oubsidé corner. Wirt. (Ref. 132) states that the loss of total pxessure of

" an -9lbow.may be improved about 10 per cent by. using 2 square outside corner.

?_Mcz.euan and Bartlett (Ref. 93) find that although an elbow with a oquare
"~ outer corner i® better than an elbow with a well rounded corner for ducts
" of low aspect ratio {the height nermal to the plane of curvature divided by

‘ “the derth in the plane or curvature, SaYy, XVY the square outer corner is

" not better at high aspect ratio.

According to results obtained by Wirt the aspect ratio of 90° bends
should be about 6 or more for hest performance. ‘The influences of the .

*In the case of the round or square duct, ¥ i3 the diameter or the i
length of the side, respectively.
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radi s and aspect ratios are shown quantitetively in Fig. 2-L to 2-8,

2~3.3 Influences of Angles of Deflection
The experiments by Kirchbach (Ref. 73), Bauchayer (Ref, 8), and
others show that the losses decrease as the angle of deflection decreases.

This variation of bend losses as function of deflection angle is shown in
Fig. 2-9, which 1s reproduced from Ref. 111,

2-3,,  Influence of the Terminatlon of the ELbow

The works of Beij (Ref. 10) end Schubert (Ref, 116) point to the
fact that the influence of the elbow my persist for as many as 50 diameters
downatream 1n round pipes, part*rularly lollowing bends of large radius

ratioe

For good. perfornnnee the bend should be followed by a portion of :5»
) stralght duct having a 1ength pf at least four times the larger dimension _f
‘in the cross section of the bend. With reference to Fig. 2~l, comparison - S
~‘of Curves 3 and L and of curves 1 and 5 shows that without ‘the straight
duct at the outlet an elbow mey have ag. much as 0. per cent higher p*eSSure
jloss than the same elbow with the straight portion. '

2-3:5; ' Calculation of Elbow Losaes R T PO ;
L T Equation 2uh"givss the prqssure 1095 ¢£ an elbow. The value o"‘ ‘

' the préssure loss coefficient K_- may be obbaired from Flg. 2=l to 212,

hE A1l coefficients shown includevthe'pressure 10$5es duu to the, frictiem» R
Figure 2-h is & plot of K, versus the radiu%/ratio R/Y Lor sqnare grd

S pound eLbowa (aspect rat*a x/x 1) 0nd for Reynolds gumbar v 4L mbot s 16V B
z B o : - Fapoan éé}%¢t réi" E f Wnﬂ o ‘sure loss coefflcient
E e Ay be obtainea oy nv' _ ' rxn the correstion
factor taken from Fig o > .8 to be usd
with Curves 1, 2, and > pipe® 18 tc¢ be

used with Curves L and
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Filgure 2-6 shows tha coefficlent of pressure drop in restangular
bends of radius ratios R/Y = 2/3, 5/3, 1, L/3, with or without pipe.

For values of Reynolds numbers up to 600,000 the pressure-loss
coefficlent may be obtained from Fig. 2-7 for rectangular crouss sechion
and from Fig., 2-8 for elliptical cross section.

For circular bends. other than 90°%, the pressure loss coefficient
must be multiplied by a corfection factog obtained from Figo 2-%9.

_ The preSSure»loss coefficlent for mitered elbows of eircular and
rectangular profile is shown in Fig. 2-10.

The pressure-Lloss coefficients of the: compound bends illustrated
in Fige 2-11 are presented in Fig. 2-12. '

, ~ Additional information on pressura losgs of bends may be found
in Fﬁf. 2 au, 93, and 131.

‘2—& Improvement of Bend Efficiency

In practiue it 13 not always possible to design a corner with radius
énd aspect'ratlos to give small pressure loss. When this nappens,»improve»
. ments may be made by partliloning with a sufficient number. of guide Bur-
faces, or vaneJ, 80 that each compartment has a high aspect ratlio; or a L
”‘good radius ratio, dependlng upon what is needsd, - However, the increase Ny
of frictional losses limits the improvement of the turn by this method.
According to Wirt {Ref. 132) the loss of a 90°* turn improved in this way
- may bhe esllow_as 20 or 30 per céent of the dynamic pressure.

2=Lel Circular Sheet~Metal Vanes ‘
Figure 2-13 is a diagram illustrating the application of ¢ircular

arc vanes to a bend (Ref. 59). The spacing and radii of the vanes are uni-

form. With reference to the nomenclature in Fig. 2-13 the number of vanes

reqnired is

2
C

15 -1 (2-6)
1I
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where L = 2r ein (p/2) and € 1s the 1ift coefficlent of the vanes.

It was suggested in Ref. 59 that for thin vanes installed in a 90° bend,

o 1ift coeffici'ent of 0.8 will give approximetely the minimum losses

and a satisfactory velocity distribution. A small amount of experimental
evidence indicates that the value 0.8 will apply to bends other than 90°.
Kroeber (Ref. 77) found that f.r a 90° bend the angle of attack o should
be 48®, or 3° more than the half angle of the 90° bend. Henry suggests that
in a bend of angles other than 90° the amount by which the angle of attack
should exceed half the amount of the bend may be taken as the propcrt-ional‘
part of the 3%. For example, for a L5° bend, an angle of attack of 24°
would be obtained.

_ For a 90° bend wi_th inlet and o'utlet‘area the same in size and
shape, Eq. 2-6 may be s_implified to -

2

ns= -,1 : ‘_ ‘ (2“'7)
Gy - .

Hllw

where T denotes the arithm‘e‘cic moan radius of the inside and outside walls
of the bend. II o = 0.8, . .
: 3 |

2«42 Thin Vanes of Non-Circular Profile - o

 Figure 2-1k and Table 2-1; taken from Ref. 59, show the contours’
of thin venes of non-circular profiles, which may be used in bends of. wni~
form eross section. Theit thecretical devélopment is due to Kroeber (Ref.
77)¢ The performance of these vanes is shown 1n Fig. 2-15 The required
number of vanes .can be found directly from the chord length and the gap=to=
chord ratio of Fig. 2-15. Vanes with large chord lengths should bs used
‘in preference to those with small chord lengths. '

2~413 M

Although it is expected that thick vanes would not be employed
for the present application, some performance data are pressnied for com=
parison with sheet-metal-vane performance. The performances of thick vanes
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TABLE 2-1 ORDINATES FOR IROEBER THIN-VANE PROFILES

o

WL | y/L

90° bend 60°* bend 45* bend 30° bend
0,00 0.000 04000 0.000 0.000
0.08 0.087 0,041 P —_—
0.10 0.154 0.07L 0.0kl 0.031
0.15 _ 0,200 0,160 ——— e
0.20 0.3 - ﬂ 0.12L 0.075 0,051
0,25 0.6z 7T J— J—

] 0.30 C0.2717 , 0.153 © 0.094 0.067
0 0.8 T —
0.0 0,28k 0.66 10,105 0,071
05 0.283 0188 e— |
050 | 2737 . 06k 0203 ' 007

085 0260 0.87 C—
0.60 - “‘o.ahz ,‘ - 0;151 0,094 | 6.067
065 0.219 . 0.ke e e

“oar0 0,192 0.129 0,078 0,055

075 0aer JG 14 N —
0.80 SR 0.096  0.088 - 0.0L3
0,85 . 0.0L o2 —_— e

0490 0,071 0,048 0.0 - 0,02l

0,95 0,037 0,02 S e— —_

1.00 0,000 04000 " 04000 0,000
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and circular src sheet-metel vanes are shown in Fig. 2-16. The profile of
Vane No. 1 is & circular arc with radius 2L/3 joined tengentially to two
straight lines inclined et L5* to the chord. The profile of Vane No. 2 is
the src of m quarter-circle (radius L/ /). Vane No. 3 has a thick pro-
file resembling the shape used in a wind tunnel. The maximum thickness is
near the center of the chord. The profile of Vane No. 4 is a modification
of a foreshortened RAF 30 section arranged along a circular arc, the maxi-
mum thickness being located abogt one=third the chord length from the lead-

‘ing edge. The profiles of Vanes Mo 3 and | are given in Ref. 75. Experi-

monts show that the most uniform velocity distribution is obteined wibth
Venes No. 2 and 3. '

With regerd to the coefficient K, the graph of Fig., 2~16 shows.
that ths minimum value 12 obtained for definite gapéto—chord ratio, Further,
it appears that the difference between values of K, for the thin and thick

vanes is not appreciable .

, The ‘graph of Fig. 2-16 is plotted for the angle of ettack aq= L5%.
In Fig. 2-17 the influence of the angle -of attaqk is shovn; the optimum

angle is'about;h&‘. The same value was found for thin circular~arc vanes.

Clnar1y3 small variﬁtions frem the optimum angle have small influence on

the preésuro losses:of the thick vanes. For these vanes”values Qf‘.GL from

- 0.9_ to 1.0 may be used in Bge 27 to determine the number of véneé.

25 Internal Inlets :
 An internal inlet taps air from a chamber in which the air is essenti-
elly stagnant, Figure 2-18 shows pressure losses for a few such inlets.

It may be seén_that flared types have low pressure-loss coefficlents. The

lowest pressure-loss cosfficient was obtained using a lemniscate for the
inlet profile. '

2~6 External Air Intake Scoops

An external inlet takes air aboard from the flow outside. It is & nor-
mel requiremant of such a duct intake that it recover practically the entire
total pressure corresponding to the flight speed of the airplane., The
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influence uf the boundary layer, velocity ratlio, and angle of attack om
total-pressure distribution at the scoop entrance may be seen on Fig. 219,

The shape of the scoop inlets was nearly rectangular with well rounded
corners. The profile coordinates of the scoops may be found in Ref. 6.
Scoops a, b, and ¢ and Scoops d, e; and f were mounted at distances from
the nose equal to 9.5 per cent and 37 per cent, fucelage length, respectively.

Scoops d, e, and . were similar except fbr the method used to s=epa-
" rate the boundary~layer air from the inlst air, The boundary layer approacﬁ-
ing Scoop d ﬁas Bypassed under a sereen and taken intb the scoop with the -
rest of the air. Scoop e was entirely outside the layer, and provinions
were made to divert the boundary layer around the scoop. In order to pre~
vent any spillage of boundary layer into Scoop f, a metal sheet of léngth-
equal to the height of the inlet was axtended forward of the scoop.

Employﬂng a few amptrical princmples as a guide,, the designer can de-
vise a scogp whose periormance is satisfactory for the present applicatlon.
:The performance ghould flnally be chenked by tests. ‘Dearborn and Silver-
steln (Raf. 3L) suggest some of the follcwing rules for the design of effici- ‘
ent scoops.

f2-6.1~‘f Sco gE Location .

. It nay happen that the scoop 15 in a region where the boundary
vlayer is thick. Since the mean dynamic pressure of the boundary layer is
'smaller than the dynamic pressure of the air at the outes edge of the .
boundary- layer, the performance can be improved by placing the scoup above
.ﬁheﬂboundary layer. ‘Assuming that the mounting surface of the scoop can
be”considerad.as a flat plate,'the‘boundaryhlayer thickness on a flat plate
may’be:uéed as a guide for determining the distance between thé mounting
surface and the lower edge of the seoop inlet, Thus, if the flow is twrbu~-
lent, the height would be

5}4)1/5 oo

S = 013? d (1"_
U1

where s 1s the profile distance from the forward stagnation point Lo the

WADC TR 54=313 il



- | ~ S3IONVHINI
mooom.z_mm:mmmmn_.‘"ﬁo_uyuozo_Sm_mmeme.o_“_

e 8 - 3

——-— -

l
f
,n
)
J.J L
@)

——

E&
- ] :
/ 1 ]
('I
z:
’ -
W ]
/I
,/
\I
)
r’,'

- ) R : T o
SO 0 €0~ 20 o - 0=8

L2

WADC TR Sl~313



scoop inlet, and U, is the velocity which would occur at the outer edge
of the boundary layer if the s¢ocp were not there.

2=5,2 Scoop Area

The mcop entrance area should be designed for air inlet velocity
of 0.5 of 0.6 of the free streem velocity. It may be assumed that the
total pressurs at the 8c0cp entrance 1s free stream static plus 0.9 frae

- strean dynimioc preasurs. Employing these factors in zonjunction with &

given rate of flow thréugh the intake, bhe designer can caleulate the
area of the entrance . and the static pressure at the entrance.

276.3'o{‘ Scoop Shepe

The shape of the lips should be similar to an airfoil shepe. A
shn:p-edgo scoop should not be used.

The aftérbcdf behind the naximum scoop section mst be well sheped
and sufficiently long to avoid flow separation. Four times the scoop height
ghould genernlly suffice. : ’ :

For air intakes_other than scoops Ref. 33 and 78 may be consulted.

2—7 Sudden Contraction ‘and Exggnsion
When a sudden enlargemeit; of the flow passage occurs (no difi‘u.se,r)q

- the kinetic energy of the fluid in the smali zonduit is not fully racovered;
" the losses sre called expansion 105598.

When e stream flows from a large conduit ohrough a sharp-edge entrance
into a small oonduit, large 1ossea may . oceur on account of separation and
Bubsequent inconplete recovery. These losses are: ‘ealled contraction losses.
If the entrance is round, the separation my not occur; the losses would be
meinly frictional and could be neglected with respect to other losses in

the system.

In both cases the drop of the total pressure is obtained by multiplying
the dynamir pressure in the smmller duct by the corresponding loss coefficie
ent. Total-pressure-loss coefficients KC and Kex for contraction and

WADC TR 5L-313 L3




expdnaion, are shown in the graphs of Fig. 2-20 and ~21, respectively. The
values of K . are theoretiorl (Ref. L&), The values of K, are experi-
mental (kef. 37); results of several investipgators (Ref. 58 and 88) fall

below the values pressnted in Fig. 2-20 as much as 25 par cent in some in=

stances,

2-8 Diffusers

The _purpose of a diffuser is to aransform kine+i: energy into pressure
" when the air flows from a duct of small crbss-sectional area to a region
of large cross section. Theoratically, we could inmedlate y predict the
-increase in praasure using Bernoulli's equation. chever, the transition
 introduce5 losses due to’ wall separation, eddying motions, and friction.
The losses of a long diffuser of gentle taper are mainly due to friction.
Ina shert diffuser the walls may be so divergent that the conditions of
a gudden- expaﬂsion {Section 2-7) are approached. In practica'én intermediate
ponfiguratlon is nqeded.

The'pressnre drbﬁ;of'a diffﬁsef depends upon‘the angle of expansion,
"the inlet and discharge lengths, and the area ratio. The characteristics
of some diffusers'are summarized in.the following sections.

Assuming an 1ncompressibla flcw and uniform velocity distributlon over
the cross section, the pressur« drcp of a diffuser mav he obtained from the
follawing equation: ﬁ" :

e ch - - (2-10)
I QU ( r) | R

‘Thus, “the total-pressure logs is expressed g a fraction of a dynamic pres~
sure based on the difference between the inlet and outlet velocities, The

total-presqure—loss~coeff1c‘ent faﬁtor C used in Eq. 2-10 is shown in the
graphs of Fig. 222 and ~23, which were obtajned from Ref., Lé.

i

2-841 Influence of the Aqg:p of Expansion
It may be observed from Fig. 2=22 that the angle of expansion for
least loss falls in the range 6® to 8° for a conical diffuser, 6 for a

WADC TR 5l-313 Lk
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diffuser with a square section throughout, and 11° for a rectangﬁlar dif-
fuser with one pair of walls diverging and one pair parallel. For angles
greater than 11°, the pressure loss of a rectangular diffuser (two walls
diverging) is considerably less than that of a square diffuser (four walls
diverging).

In the range of the angle of expansion from 0° to 2L°%; the fac~
tor C is virtually independent of the ratio of the cutlet area to the
inlet area '(Aé/Al). Figure 2-23 shows how the area ratio affects corical
~diffusers of area ratio L and 9. fThe factor .C reaches a maximum value

. in the range from 60° 1o 70° and then gradually falls to the value of 1.0
' corresponding to an abrupt expansion loss.to an infinitely large area '

{ef. Fig. 2-21). Obviously, small angles of expansion are desirable from
the viewpoinb of good design. ‘ i :

2-8.2 . Influences of Inlets and Exits -

The lenpth of straight duct preceding the, diffuser influences the_,

velocity distribution at the {nlet. The diffuser e;t‘i‘icieu'lcvl decreases as.
the inlet length increases because the boundaryhlayer thicknees &t the
entrance becones 1arger. A thick boundary layer (due to a long iniet
duct) will.decrease the e:ficiency‘of theldiffueer by about 7 per_cent in
the range of 2@ . between ‘5:lenda 30'ﬂdegrees.” Hence, the diffuser

-snould be placed into the systen as far wstream as possible. This also

has the advantage of decreaeing the duct loeses.

: ‘The discharge length follawing the diffuser improvee the" effici-
ency. Accor ding to Ref. 105, if & 5hor'c. length of duct precedes the dif-

- fuser the diecharge length shonld be about four times the maximum width
_or diameter of the diffuser. If a long dict Ls shead of the diffuser, the

discharge length should be about six times the meximum width.

1‘I‘he diffuser efficiency is the ratic of the static pressure increase
t> the change of dynamic pressure.

FADC TR Sh-313 L9




'2-8.3 " .Design for Large Ares Ratio : ,
In praétice %he length of the diffuser is often determined by
the amount of space mvailsble, Therefore, wien a large thange of area

must occur in & short distance some compromise must be reached and the
data presented above can be only & guide to the loss in the configuration
_finally selected, One such corpromise is to diffuse the air partially and
to follow the diffuser with an abrupt expansion (Ref. 14).

Another method is to use a curved wall diffusef.- The profilé_of.

a 'cui'ved diffuser is shown. in Fig. 2-2l. Referenca 59 gives the following
equation for the coordinates of this profiles .

, ' D, .'
.y;[l +EyE -2 ]=—:}- | )

i

" The t‘gc:‘talmpressﬁre-los&-éoeffic’ieﬁt factor C of ‘this diffuser slso'is ”

"’ given in Fig. 2+24. Experiments performd by Gibson (Ref. h6) lead to the .

concl,usion that the’ diff‘user can be improved st ei‘fectivciy by. cu.rving ,

the walla in the range of 2 @2 frpm 15 to 30' SR
) . ! . . l - . . .

'2~'8.h ' Design of Non-Circular Difi'usera
A few data for non-circular dii‘fuss‘rs are dis"ussed in Section

2-8.1. Whera those date are not applicable, Ref. 59 suggests the use of

a swcalled "equivalent conical dii‘fuser" wnich is a diffuser of circiler:
B -eross. section having the. length e.nd the inlet and outlet areas aqual to
“‘those of the non-circular dii‘fuaer, Berry' (Ref. 1L) suggssts. & similar
'method of treatrrent. R A e R ‘

29 Oriches v o .

l The distribution of air i'lcm in doublewskin passages is of'ben con—
trolled by providing suitable outlet orifices at the end of the pagasges,
Reference 37 gives the following expression to obtain the diameter of an
orifice at the end of a tube for a required statio-pressxre loss and a

known weight rate of air flows

WADC TR 5L~313 50
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Ay,

where K, is the coefficient of discharge shown in Table 2=2; Al and Aa
are the areas of the double-~skin cross section and of the orifice, rospec=

(2-12)

tively; [w] = Wo/nr, [y] = 1b/£t%; [F] = in.-water; and [4,]= ££2. For

convenience of calculation, the left-hand member of Eq. 2-12 is presented

~as & function of A2/A1 in Table 2-2.

. TABLE 2-2  COEFFICIENTS CF DISCHARGE THROUGH ORIFICES

, — -
0. 0.2 0.3 O 05 0.6 0.7 0.8 0.9
K . [0.60L 0,612 0,625 04643 04666 0.695 0,730 0.770 0,840

1,005 1.02  1.047 1.09 1.5 1,25 1.0 1.66 2,29

_l0.061 0.125 '0.196‘ 0.286 0.383 0.521 0.715 1.023 1.73

[

| 2
TN
>' e
N
N,

2=10 Exit Openings - _

The pfessufe loss of an outlet %o the ztmosphere depends upon the conm=
f;guratioﬁ'ofbtha system, the position of the outlet relaiive to cther plane
éomponents, and the velocity of the free stream outside of the exit. The
main cohsideration in design of an air outlet should be given to the preven-
tion of flow separation outside of the cutlet. -Becker (Ref. ?) suggestis
that the desirsad conditions for any outlet location are obtained by msking
the streamlines of both internal and external flow parallel. Under this
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! elreunstance 1t may'be‘assuhéd that the static pressure at ‘the outlet is
‘aqual to the free stream pressure near the outlet.

Results qf‘ experiments on several exits are presented in Ref, 109.
The tests weré performed with main stream velocities of LO and 80 miles
per hour, and the ccrrelations of the pressure losses were virtually inde-
pendent of thcse velocitiss. Rogallo's graphs present pB/(%'-e TJ§) as a
function of the dimensionless discharge ratio Q/(A U, )+ The ordinates
in the graphs of Fig. 2~25, —26, and ~27 are related to Rogallo's ordinates
: by the equation,

AH!HB'HO P <°>2-:1
-

z»'(’“ 7¢5% R o |

‘All static pressures are . referred to p ‘=0 as datum. Thus, the total

pressure of the frca stream is H =5 eUz Subscript B refers to the
position B in Fig. 2-27 and to the plemums in Fig. 2=25 e.nd -26

(2-13)

The reader m.ay ‘eongult Ref. 109 for othe:;ltypes of outlsta..,

2=11 Branching Ducts - :
Hetiry (Ref. 59) presents the sketch of the branched duct shown in
- Figs 2-28 and remarks that it illustrates the application of principles
of good design. It shows the divlsion of the main. stream, the diversion
- of. one. stream, end the subdivision of the diverted strean. The dividers -

have a blunt-noss airfoil shape as, for example, the shape of the NACA 6021 :

' airfoil. To attain bast pq}rformance of a divider, according to the author,
- *the direction of 'the flow should be normal to’the entrances of branching

.. ducbse Fm-ther, he recommends that the cross—sectlonal areas of the
branches be proporbloned a8 ‘nearly as possible to the rates of flow,

Vazaonyi (Ref. 1.28) , combining analyt1cal and experlmental resul‘os,
has correlated in & general way the pressure drop for the case of a duct
branching into two ducts as shown in Fig. 2-29 e.nd for the case of two
ducts wdting irto one duc_t as indicated in Fig. 2-3C.
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; FlG 2-29 STRAIGHT DUCT BRANCH!NG INTO

TWO DUCTS :

FIG. 2-30 TWO STRAIGHT DUCTS DISCHARGING
INTO ONE DUCT
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2-11.1  Duct branching into Two Ducts
The total-pressure-loss coefficlent may be expressed by
0 U]_ 2 ' Ul
== A+ (@0 - W) - 2 Ayfeos a))5E (2=1h)
2% © ° _ a

vhere the velocities are defined in Fige 2~29 and o:i; a modified angle of
‘daﬂecticn, is a function of the gPonetric angle of deflection %qe The

quantities '\1’ >\2, and ocl are ahovm in Fig. 2-31 and =32 ag functions

of the angle Lo . '

; -0 i‘acilit.ate the caiculat.zons, the right—hand member of Eq. 2-11;
) 'may be ragarded as a func‘oion of « and Ul/U Y\ The. prassure-loss may then
,b9 ubtained i‘rom :

] ‘ ' I'll %3 PUQ e (2-25)"
.where X is given in Fig. 2—-»311.

Branch No. 2 may be treated in the same way.

T2=11.2  Two Duc'os unitigg imto One.Duct :
’ In this case,. the relationship bebween pressure loss, fla:.d
velocitina, and duct. geometry can be rapresented by the followim: equat,iom

o

Hl H =-§(3[A3U1+U2-—-(A1U1 cosp +AU§cosv )] (2-15)'

‘ I'ne meaning of the B_;mbols is shcnrn in Fig. 2-30, the prlmed quantities ‘
b,x‘epreaqnting modified a.ngles of dei‘laction. p 5 5 and )\3 ‘can be ob—

. tatned from Fig. 2-32 and =33 for known values of @ and 5. 1 [p]=

'alug/ft3 and [U] = ft/sec, then [p] = lb/ft .

For specific experimental informntion about pressurc losses in
variocus. 90 and 45° joints and for some discussion of Vazsonyli's work, the
reader may consult Ref. 76,
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' is constap{;. . Introducing a Mach nunber,

2-12 Prassure Dropi‘or Compressible Flow

In thin airfolls used for high-speed flight, the air conduits are
made small and in high-pressure systems velocities of the air in the ducts
may rise to values which require that the air flow in the ducts be con-

sidered compressible instead of incompressiblae.

2-12.1  Parasmetric Represent.at.ion

- To facilitate the evaluation of pressure losses for compreesib'\e
flow, a parametric represants.’cion is introduced in t.he manner given by
¥cQann (Refs 92)4 It is assumed that the system is onwdimensional and
adiabati‘c. A total absolute temperatu.re at the cross section 1 is defined.
Lot =. L+ T“_ I . ,-1(2-17) .

| whére [] = *n I'v'l = £4/ssc, = T8 £6 1b/B, o = 0.2l B/lb ¥, and

= 32.17 ft/ sec®. Because the’ flow is adiabatic ’ the total temperature

M=Uas= U('.ugraﬂ:')"o'S (2-18)

w.jlth ' © -=-°p/°v ahd R = 53.3 £4/F, it may be shown that
. ‘ ‘

Loty . Eolyay _ (2-29)

TS YTE

Also, after some calcula_tio'ins_,‘

. -
: 2 ]
B .k +1 - TIE T LL )
-__5 + ¢ 1n i b  Ingi-f 2 - (2-20)
k™ 2% _F kM, 2k F;: D
Defining S . . ' ‘ |
L + 3y, M | (2-
% eMS . 2 2 ' -
we obtain from ¥Bq. 2-20
fL
%=%1-F (2-22)
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wheré CH 1 represents an upstream condition and CM a downstream con-
4
ditioin, It may be observed that cu and C.'M 1 depend upon the respective
3
values of the Mach number.

The equation for the rate of flow of air can be represented by

] oy
ﬁ-OSHZAHt“ ‘A (2-23)

whers A is the cross-sectional area of the duct, ft2 H 1s the total
prnaan.re, 1b/f'o 3 and ‘

o A =BM3. o . (2—211)‘

48 a dimenaionless ‘pacameter computed using = L.k, To_calc_uiate} the -

"ra'he «:\f flow the following parameters are int:roduced- i

H . K » , o
M=§ nﬁ | (e

8 = Sy = iy - )
Subseript 4 refers to ahj cross saction. 'E_qua'b‘im 2-23‘then‘ﬁec_dmes" .
w e @O 5 N l! '. ,' -

| | Ty
where [w]= Ib/sec.

2-12.2 .Calculat.ion of the Presaure a.nd Temperature MStributions in a
o Given Duct with Known Initial Conditions o

'Consider two cross sectiona 1 and 2 of a duct with known £80=~
metry and aizes. Station 1l is an upstream cross sec.t,ion- where the static
pressure, static temperature, and Mach number are known.l Station 2 is

1l"cr known ‘static temperature and velocity the Mach mumber can be
found using the graph of Fig. A-2.
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" an 'arbi_'ora'rjr cross Section downstream. We would like to determine the static

preasure, static temperature, and the Mach number ab Station 2. A stepwlse
procedure for performing the calculations is presented below. In Steps 1
through 5 it ig assumed that the discharges through both cross sections are
equal; that is, the duct ie uniform and no branching ocecurs.

Step 1. Obtain from Fig. 2-35 and -36 the values of Ay cl’l, (H/p)l, and

Ttot/'r)l. Then celculate Hj. Observe thab Ttot 1= Thop, 2"

’ceg .. Estimate tha sum of the: pressure-loss coeflicients including the
friction losses. This sum will be of the form,

ZK+Z£L= : - (2-28)

© Step 3. Calculate Gy, in the nanher sugge‘sted by Eq. 2-22; nemely,

.cué'""'m,l“xlz'

ep L. Using the value of ~ CM 2 from” Step 3, find M2 and )\ from

Fige 2-35.

. ‘gg .. Wit}\'thié "val’u”e of )\ calculate H2 by means of the, following
C equation, which is a peneral relationshipa ' '

' )\1 o ‘ ' .
Ha-u-’-x;-ﬂl S - (2-29)

E 6. If the cross-ssctional éreaa of Stations 1 and 2 differ, thé
following adjuatment must be mades "The values of GM 2 and M2 y -found
- in Steps 3.and L ahould now be regarded as fictitious; however, they are

gb11l useful and, in fact, the total pressure Ha is not changed from

the value given by Eq. 2-29. The true value )\2 is obtained by the

relati nnahip 9

1 Al
Az = )\2 . 1—2' _ (2-30)

where A denotes the cross—sactional area. Returning to Fig. 2-35 with
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e
)\;, we obtaln the true velue:L of the Mach number. Also, CM 5 can. be found
for use 'in caleulations on the distribution between Stations 2 and 3.

tep 7. With M,,, enter Fig. 2-36 and obtain the ratios (H/p,? and

('r tot/ 1o

Step 8. Calculate the static pressure and static temperature from the
results of Steps 1, 55 and 7.

Step 9. - The die’chérge w may be convenlently c_aleulat‘ed‘ by meang of

Eq. 2-23 as & check on the caleulations., Having found all conditions at

Station 24, ‘the same procedﬁre 'may be raepeated to arrive at the conditions

- of Section 3, and so forth.

I may be obeez'ved thn‘o the assumptiion. of the upstream velue of
the Mach number determinee Bll other downstream condita.ons. In particular,
the rat.io Hl/H “is de'bemined., By several assmpticne i'or values of M

A Fravhical representatlon of total—preseure ratios and ratee of flow may
| be obtained:. In this way the ..yetem may be’ analyzed in 21l details, "For

exanple, the. discherge of the duct system, operating in conjunetion with a
compressor of knowmn perfommce and d.:.scharg:l.ng to a known s'l:atic pressure,
can be detemzlned.

Fipures 2-35 and -36 have been ‘obtained fron the tables of Refa 92, i
which may be consulted if g,rea‘oer accuracy is desired. The author remarks
that experimental results and predictions based on the method presented

. are in good agreement, the ma:dmum deviation being about 3 per cent.

Using other types of praphs, Thomson (Ref.: 123) also preeen'bed

. a solution of this problem. The methods of both Re;. 92 and Rei 123 seam
’ equally eatiefactory from the viewpcint of computations.

lIi‘ the true Mach number lles below 0,3, it may be assumed for most
practical purposes that the velocity of the system is decreased to a point
where the flow may be conzidered as incompressible.
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2-13 Prassure Drop in a Duct with Heat Transfer
Where heat is being transferred on walls of a duct system, the air

properties may change considsrably. The temperature changes affect the

density, thus causing variaiions of dynamic head in additinn to the usual

variations caused by non-uniform cross sections. Furither, the frictional

and fitting losses, which depend upon the dynamlc pressure and viscosity, o
also are altered from the valuas that would occur ii* there were no heat )

transfer.

An npproximative method to oalculate the pressure distribution in a
duct with heat tranafer is plssented by Boelter, Morrin, Martinelll, and

.Foppendiek (Ref. 17) and hartinelli, Weinberg,‘Morrin, and Boelter (Ref. '

90)@5 In two cases, the. authors find differences of 7 and 27 per cent

' ‘between experimental and ppedictad pressuré drops«  These differences are

allowable for most practica;kcalculatipns. A summary of the method used
by‘bhé authors is presented in the next -sectionas The reader is’ also ree
ferrad to Hall's (Ref. 53) chapter on diabatic flow. ‘

2-13.1 Distribution of - Tota] Pressure in & Duct with Hea+ Transfer and
s with Frictional and Fitting Losses
“The differential of the total rressure for one-dlmensional flowl

is
wEapaglea 0 (23

If there were no losséé, thig quantify would be zerb, Bernoulli's éqpatﬁon
would‘Be,obtainéd;-andvthe total prossure would b2, ¢onstant along the duct,
However, whon losses o@gﬁr,_an additional tern must be.added to the right
member, and the‘change’of total'pressure betwaen any two cross sections,
Stations 1 and 2, is found by integrating dH with the result that

2 2 . ,
fdp +\[PUdU=-Fl’2 o (2-32)
1 1 ‘ o

1Velocit.ies, temperatures, and all cther propertles of the fluld are
assuned o be uniform at eash cross section.

R O S SO
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The quantity  Fl,z: represents the sum of all_fadctionél and fitting
losses between Stations 1 and 2; it is positive and its vnits are
lb/ftz. Performing the integration cf the first term, replacing the
density ¢ in slug/ft3 in terms of the specific volume <P * gv=1), and
eliminating the velocity from Ey, 2-32 and the equation of continuity, the
following expression for the drop of static pressure is obtained:

Py = Py i (3‘&55) j o (I) d (}‘-) + Fl 2 ‘ (2-33)

;The evaluation of each term in the right mamher is conqiéared in the next
twn sections.

2=13.2 Evaluation of the Losses Fi 42

The sum of the total~pressure losses Fi 2 will be found by ap-
plying a correction to the value of the louses in thevduct for 4he case
that the flow is isothermal and incompres=ibla.

Letting (F1 2)*50 be the sum of the losses for the cace of iso-
. thermal, 1ncompressible flow-and using certain simplifying aasumptlons,
Martinalli, ot al (Ref. 99) heve -shown that :

0 ‘13'

F1)2 } ( W (T + T?) Vv, .(é-ah)
‘ZFi;Q)iSO wiso 2Tiso S &y 8o o ]
The iaothermal losses are’ of the form, : |
(Fl 2)180 Z £ K’ 7 & * Z Kp - (2-35)
or' | - .
, ) ” .
iso L1 K
F12l100 = ‘M’ Z g *?F} (238)
The temperature Ti is arbitrary. If hoth Ti and T? are

known, then the choice Tiso equal tu their arithmetic mean will sinplify

the calculation. Usually, T2 is unknown but san be estimated from the
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f ‘. heat balance. In a few trlals; or by graphical solution, values of w and

: LI T2 can he found to satisfy the pressure~drop and the heat~transfer equations.

The specific volumes in Eq. 2-34 can be caleulated using corree

gponding temperatures and pressures by means of the relationship of state
P *v=RI ' (2-37)

Usually, the relative changes of absolute fra’.:surc are small, and in a first
approx imation; the pressure may be assuned uniform at the value P. 1 in
ordar to calculatce Vys v2, and vis « After the first approﬁ_mation of'

p2 has besen found the calculation may }.ve rspeated i_f greater mccuracy is
‘desired, '

. The exponent n lies betwsen 1.75 and 2.00, If the losses are
predominantlx Irictional, tho exponent lies close to 1. 75 and 1f caused
mainly by fittings it lies near .»_.OO. The value may be egtablished from

WSO N

a bllogarithnic plot of (F’1 2)150 versus Wis « The points car be found
N by caloulation or, if possible, by pxperimentation.v Since w, 56 is arbi-
. trary, -1t..wil_1 be convenipn‘o for types of caleculation in which w is known

to place W, . = w, then the relat:.onship between Fl 2 and (F1 2 180

is independent of n.

=

oo RN o BRI S 3

: C o 2
2~1343 Evaluation of J, , = L ( =) d( ) in Equation ?-—33
 Z3a Bvajuati Le ) ¥

“In nany cases ,the»i‘:'iret term in the right number'oi' Eq. '2-33-‘3
smail ‘compared with the second and may be neglected. In cther cases it mey T
P " be. evaluated by making cartain sirrqallfying assumptions.

. For exampla, in the most common case, namely, isothermal flow
mth nonmuniform croes—sec‘twna;. area, ‘bhe integral becomes

e (IC' 2) e

It the temperaturs difference T2 - Tl is émall, a mean specific
: volume v, may be used in the approximation,
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o i ‘2 3 ) .
PR (E) -(vl)zﬁ' - (2-39)
1,2 ﬁ; I rl' J

If the cross-sectional area is uniform,
Iy o= (v = v) (2-L0)
1,2 ;E 2 1 :

1t the cross—sectional area is nearly uniform a mean valuo A
y bs used in the approximabion,

172 "1) - | .
I _..<.ﬂ_ -2 (2-11)
1.2 T ARk o ‘ |

2*13;& ' Pfessure'qup acrogs a “aat*Exchang*; in a Uniform Duct

" Kays (Ref. 70) and Kays and London (Ref. 71) have presented ‘
numerous data for heat exchanger cores. The cross—sectional ares of the
duct Ad ;eading te the cores is equal to the srea of the duct leadinp :
- aways; that is, the fronta1 area is uniform. Summing the contractxon,-
frictionsel, and expansion lcsses, assuming that the change of prewsure is
small re’atively to the absolute pressure, and 51mplifying, ‘the change of

: static presaure across such a configuratlon is

ot

‘er?.;.-p2 g?fl [(K + o= Ti K ) | ( \( > + £ ﬁl';ﬁ] (e-le)

where @ is the weight rate of flow per unit area  in thé core in 1h/sec;fﬁ2;

: De is the equivalent diameter of & passageway ‘of ‘the core in ft, e is the

free-flow cross~sectional area of the core in fté' and

= Tg " :

» . ;hU/G °, |
In Eq. 2443 T, is a mean surface temperature and h; is the over-all
coefficient of hea¢ transfer.l

(2-43)

1The qﬁantity in the denominator is a sort of Stanten number. Usually
it is called the number of transfer units, and in many places is found ime
properly denoted by the symbol NTU.
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Values of 'kc, K.+ and f are presented for particuianr heat ex-
ehinger cores in Hef: 70 as funetions of Ao/Ad and a Reynolds number.
However, Bg. 2=42 i3 quite general and couvld boe used in cther similar cases
if the values of the cosfficlents are knuwn. In particular, it is believed
that this equation may be found useful for double=skin heat exchangexs

(Ag/hg <€ 1) if values of Koy and K, could be well established,

2-1l Pipes in Seriaa and Parallel .
Two or more pipes of different diameters or roughnesses connected so

that the dlscharge fram one flows into another arg sald to be in series.
Two or more pipes havdng inlets and outlets in common headers or plenums

‘are said to be in_parallal. Double~skin passages in a single bay may be
eonslidered as parallel passages. But two groups of double~skin pagsages

at"diffarenﬁﬁspanWise bositions-mgy not be in parallel because & drop of
pressure dccq&s in the supply duct”or the distribution ducte

o
|
"

In:piﬁés cohnectgd'in'séries‘the'same £luld flows‘thﬁough all the

" pipes and the pressure losses are CumulatiVe; in parallel arrangements the
. losses over any member from one junction to another are- eqpal, and the dig-

charges are cumulativa.

In dealing with cambmnations of systeme of pipes in Serieb and parallel
or inter—connected systoms, it. is often convenient to reduce camplex members
of the. system to equivalent elemonte. ‘Some methods to perform such simpli-

iffications are treated in the next two- sectlons.

2—15 Equivalent L»agg’oh 3
LOS¢G§ due to 11ttinﬁq are gomabi mcsjconveniéntly ekpresaed in terms

" of an equivalent length Le of a‘pips that has equal pressure energy loss

for the same weight rate of flow as in the fittings. lkixpressing the fitting
losses as‘u_percentagé of the kinetlc energy, and e¢quating them to the
irictional losses of a pipe of length Le,

U2 L

r-,zg[-uﬁe-:x (2-Lk)

S
=
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whera' K is the sum of all pressura-loss coefflclients (chept thoss of
friction). Solving for L o

KD .
LS = -? (2-)45)

2-16 Pipes in Serles
A complem systen of pipes and fittinfs in serles may be replaced by a
so=called "equivalent pipeﬂ, which would have the same pressure drop and
dlscharge as the given syatem._ In somé cases it is advantapeous to use

. Eq.. 2=b5 and ~46, Corigider, for instance, Pipes 1 and 2 (diameters Di,

2, and lengths Ll’ L’) connected in sories. The sum of the fitting losaes

. for each pipe ‘may be expressed in the form of an equivalent lennth Le 1

and La > " by means of Eq.. 2—h5. In this way the system is reduced to a

- series: of two plpes of adjusted lengths L =L, +L . and L & L, + L
171 a,] 2 2

without fitting losses,

‘ Further simplificatlon may be obtained by expre551ng, for example, the
adjusted length L ‘of Pipe 2 in terms of a fictitious length of Pipe 1.
This flctitious length ‘having the same discharge and prassure drop as
Fips 2 is

5 S
. £ D .
S 2 1 . : -
L2, ‘=.L . -.f-]:(ﬁ;) _ - (2""46) .

-

The fictitious pipe of total length Ly + L2 , and of diameter Dl' is

{;equivalent o ‘the lyatem comprised of Pipes 1 and 2, ‘including their fitting
 1ossqs. ‘Subseguent calculations can be made using. the equivalent pipe.
A vaari"es of more than two components can he treated in the same way.

- 2=17 Para]lbl 1.’ig.e

The following steps lead to the sclution of the distribu’olon of flow
and pressure losses for a given total rate of flow w through a systen of

parallel pipes, Pipe 1, Pipa 2, etc.

Step l, For a first approkimation assume a discharge w{l) through Pipe 1,
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w3 - (1\ (1)
__tinued as indicated in Steps L a.nd 5.

the. cond:.’c ion,

_8tep 2. Solve for the loss of total pressure AH using the assumed dig~

charge ‘ir{l).
Step 3. Using AH find wgl), v(l), eeee If the assumption of w:(LJ') is
correct, the sum of L) and other calenlated values, _namsly, wgl) 2

(1)
3

culation may be concl uded with Step 3. However, 1f the sum,

5 ecsy Must be equal to w. If this condition is satisfled, the cal~

+ ceey i3 not equal to wy the calculat:icn must be con~

l; Assume that the given flow w 18 divided among the pipes in the

i same proportjon ag (l) w, (1,), s« thus, the second approximations are
4 obtainedx :
D < (1) |
) 1, (2%,
L ;(n Wy . Lo ;CD- W's , (2=L7)

o ”\ ' .
Step 5. Chec,k the values of wia), wé“", +esy 1o see whether they satisfy

AH='AH1=Z'SH2=.... o __v(g_hgy

JIf the results of the first and second approximat Lons are nsarly eqml,
. this check is unnecessary.

-2—18 Pressure Losses in Doubls-Skir Passag__

Passing through the double-gidn heaters, ‘the hot air encoxu'\tpr.a the

resistance due to. fricki ion in the passages and abrupt changes at th,e in-

lets and exi’os. - The resistance is also influenced by the curvaturs of the
passageways. The complexity of the shapes of double-skin heaters and their
0dd orientatisn with respect to the flow have made prediction of their

-préssuré- losses diffj .ats  The main Teason seems to be that the available
'1itera+ure on sntrance effects aeals with flnw condi t:mns which are not

accurately representative of those encountered in an anti-lcing system.
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~ Neel (Ref. 98) usingh the data shown in Ref. 16, presents the follow-
ing squation for the sum of the cosfficients of total-pressure drop in
the double-skin gaps:

‘I( +-D-— - (2-L9)

loying Xy = 0.75, es .suggested in Ref. 16, Neel calculated the friction
] g

factor. i‘ - _shown in Fig;' 2=3T. The values of f are not in abreemnt
‘with the value-s of £ in Fig. 2-1. The reason my be that the value of

K‘i ‘hes been taken to be a conmtant i ndependent. of t.he geomatry and the

“Reynolds number of the flow in the gaps.

When "K is évaluated by mans of Eq. 2—1.9, it is used in the follow=

ing equation to obtein the loss of static prassure betweun 8, point in the
plenum and a po:.nt et the end of the passe.ge- ‘

Ap,gd._-feu e

whefe v i's the‘man“velocity in the passa'ges.' I1f An orifice is at the -
exit, its contribution to the pressure loss should be added. It may be

: f‘ound convenient t0 obtain the pressure drop in terms of the weight rate

of flow ifi pounds psr hour per foot spant

= 1w 1 o _ .

. wheré‘ [ap] = 16/1t°; 3 is ‘the mean specific weight of air in 1b/74°;

"is the cross-sgotional artaa of the passages in square feet per.foot

:"swnn [w?] = lb/hz' i‘t a.nd g = 32,17 ft/secz.

Accord‘lng to Neal (Raf. 98), £q. 2-h9 and =50 my be usad equally s
well whether heet transfer iz occurring or net. PMurther, the author is of

 the opinicn that even though the estimats of f, 1s based only on a por~
-tieular type of corrugated double-skin, the veilues mey be generally applied.

WADC TR SL~313 75




f

£ 0.30

:-';' -0.25
& 0.20 e

%’l I R |

o 0.5 —1"

: . P~
z T
2 ool : |
& GUe

REYNOLDS NUMBER [4

 FIG. 2 -37 FRICTION GOEFFIC!ENT TO BE
USED w cowuwcnom WITH EQUATlON
2 49 -

WADC TR 5k-313 . 16




i
£
£
3
E

IR I s s .
T S

s R
T

v T

mars

Chapter 3:' WATER IMFINGEMENT ON AIRFOILS .

3:-'1 Di‘cﬁlet Tréjectories

The interception of cloud drorplets by an airfoil depends upon the
physical configuration of the alrfoil, the 1light conditions, and the
inertis of the cloud droplets. In order to obtain the rate and extent of
the droplet impingement on the airfoil, the droplet trajectories with re-

.spect Lo the" alrfolil must be determined. Some tra;jvectorie_s irtersect the
aurface, sthers miss the surface. Only the trajectories lying between those

which are’ tangenﬁ te. the upper and lower surfaces are effective during the

' collecttcn proceaa.

‘ v’3-1.l Fundamen'bal mfferential bquations :

oL To set up the differential equations that describe the droplet
motion in a two-dimensional “low “ield, the follcwing simplifyinp assump»»

” tions are: used: .

T 1) The droplets are always spherical and do not chang'e size. ‘ :

(2) No gravi’oational force scts on the drop1°ts.

The Iirst assumption is valid for the order of accuracy usually

‘ req‘.d.red in the dosign of emu-‘-l,cino equipment. The aecond assumption 1s

.reasonable bacauae the insrt:la force cf the dro*wlﬂts is much greater than
»the gravitat:l,cnal force. , ) '

The drug force of. a spherical drop of- radius a mcving in air -

:Ls‘

cnﬂg . .;; o |ﬁ7-}w7|‘."'. Lnﬁl!-'— 'n'a/u ‘u - vl (3-1)

The quantity G is the drag 'coefficient which depends upon the Reymolds .

numbsr .

2a
Re,d 'ﬁ' li-% . (3-2)

where U and Vv are the vector velocities of the air and droplet,
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L.

- and

.fes‘pectivély. These velocities are measured in a coordinate system fixed
in the airfoil. The air velocity B 1is taken to be that of the potential
field of an ideal, incompressibls fluid. One method to calculate U is
summarized in Ref. 23. In a rectangular coordinate system the emations
of motion of a water droplet without the influence of gravity arse

dv c N :
% 1"&3\9 E;’.E:-D——‘E-B-l—d—ﬂa(ux-_-vx) : (3"'3)
) Ty B %l o i
v-i-(n‘a ?’Nd — by =y _ 3=h)

where subscripts x and y refer tc the conponents in the "x and y diw-

rections, respectiveh . Dividing all VGlQCitlFS by the mainstream ve.x.obity.

Uo and enploying the dimensionless time ratio - »-t(U D/L) = -r'“,. Eqge 3-3 and

=l asaume L‘mé dimensionless forn

. et A e
avt e, v ® . o '
#= —9-—1-5—2'-9— * %(u; - V‘;) ) ‘ (3"6)
‘where: . '
S % 4 Yy
“’x?U‘;’;» Vx v;ﬁ

' 2 . _ .
228 Py . . : .
K& % —dt? "? g o S | (3-7)
The apace coordinates of Eq. 3-5 and ~6 are x' & x/L and y*= y/L. The
dimensionless quantity X is called the inertia parameber.
The F‘Heynolds rumber N q ,q can be obtained conveniently in terms
of the free stream Raynolda number,

2a () U
: - [ IN]
NRe’d S . (3-8)

/A.
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by meens of the relationship;

1 . 2
. |
( gﬁﬁ) = (uy = v )% + (= v)" (3-9)

The drag coefficient Gy in Eq. 3~5 and -6 is customarily obtained from

Table 3-1. taken from Ref, Bl and based upon previous experimental data for

large sph@res in steady-state conditions. However, Morton (Ref. 97) points
out that these values my be 1naccurate for small Spheres.

A solution of Eq. 3-5 arid -6 gives the tra1ectory of a dropl.eto

:Several solutions are required to obtain the rate, ares, and distribution -

of the mter inpinganent._ It is seen from these equations ‘and the defi—

. nition of X thatf for a given shape, size, and angle of attack of the
airfoil, the trajeutories depend on the redius of droplets, the free stream

valocity, the air. viseosity, and the air dengity as fﬁrst-order_variab}es,

- 3-l.2 Weter Inpinggment Paraneters

The followlng relations are convenient for evaluation of the di-

. mensionless perameters’ K and NRG qt

2 \
D U -
K=1,963 19712 L2 (3-10)
’uL
gy = 5518 - 10"6 2 P° 2 e
By = 7.8 - 105 ,/ﬁ (312)
. eo =0 Ohlﬂ T ‘ N ‘ ‘:<3'-13)

where g o] = microns; [U ] = imots; [ypj = slug/ft sec; [L] = £%; Efo] =
slug/Ib”; Pl = in.-nercury, and ETOJ R. Based upon these relations,
Fig, 31 and -2 were prepared for the rapid determination of the paramters
and N, 4 respectively, for 15°F icing stmosphere. The value of

.K'l is independent of the pressure snd is dependent on temperature meinly

WADC TR SL~313 79




; . TABLE 3-i
VALUES OF Cp-Npy, q/24 AND A /Ng AS FUKCTIONS OF Ng, 4

I
“ MRe,d ) CD"Rc,d/Zu Al)‘s NRe. d CDNRn,d“u )\/1\5
:: 0.00 1.00 o .00 . 200 682 0. 2668
: €.08 1,009 0.9956 .. © 280 7,38 0. 2u21
v 0.1, 1,018 0.9911 "t 300 8.26 0.2234
' Ca.2 1.037 0.9832 350 $.00 0, 2080
o4 | 1.073 0.9682 400 . 9.82 | 0.1953
0.6 : 1,103 0,983 ’ ' 500 C L 0, 1752
' 0.8 - 1. tiz 0.9342 B 500 - S 1297 . 0,1597
g 1.0 S 1176 0.9200 800 15.81 0.1375
E 1.2 L2047 0.9068. 1000 18.62 0. 1215
| - " ha228 1 . 0.8980 . 1200 I I 0.1097
,r“ : Y 1248 veanz || . 1400 24,0 - 0.1003
; P . 1.8 , 1.;267 0.8748 1600 26,9 " 0.0927
' 2.0 BRI ¥'F ::1] 0.8653 1800 2.8 . 0.0863
5 ) " 2.8 1332 CCo.susz o [ 2000 ] 32,7 0,089 -
5 a0 t.37 | :0.8273 2500 .4 . 0.0703
gf 3.8 | . twz 1 o120 o 3000 LA 0.0628
E 0.0 Tl s 0,778 . 3500 55.6 0.0562
1 5.0 1.519 0.7734 4000 43,7 ’ 0.0513
5 FE Y 1,572 0.7527 5000 1 80.0 © 0,039
; ' 8.0 1,678 | oomss 6000 968 0.0385
1 L C1o 1,782 . 0,680 . 8000 130.6 0.0311
[ 12 1,901 0.660 0000 . | 1663 . 0.0242
{ b . L 2,009 0. AUND. . . 12000 . 208 )
§ 4 : s ©lagee | oemz ] 14000 - L
B L8 2,198 - 0.6065 15000 . .85
B 20 2. 294, o 0.590% 18000 328
" 25 - 2,489 0.5562 - || - 20000 365
5 - C %673 : o.8288 . fl " 25000 T w0
3 -1 . 0. %0us’ 40000 © o 5TH
. 3.013 - 0.4840 35060 ) 674
" 50 3,927 0.4505 - 0000 . | 778
0 3,60 0.4237 £0000 980
0 111 0.3829 © 60000 1178
100 .59 ' 0.3524 80000 © 1882
120 S N TR 0.3285 . 10,205 1905
140 s 9.3090 12,107 B 7 £ 11
160 5. 76 . .oz 1.4, 10° | 25u8
180 6.16 0.2789 1,6.107 2851
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through the temperature dependency of the viscosity; therefore, fhe valuss
of Kt in Fig. 3~1 may be employed for most practical purposes. The
Reynolds number depende upon the pressure and the temperature. The pres=-
sure used to calculate the air density was taken from tables of the NACA
Standard Atmosphere, part of which is reproduced as Table A- 1 in the appen-
dix; the viscosity; dependent onlly upon the temperature, was evaluabed for
15°F air.

Two other useful dimensionless parameters are, in consistent
engineering units,

VTR %2 % S el
p =18 ﬁ./f;:; Lo (315
S ’ o2 : \‘Wv,' - o

; Gharts for their evaluatlon are presenbed in Fig. 3-3 and —h; bot charts
3»1 are for lS'F icing atmosphere and nractleal units are used on the coordie
nates. '

‘ Any two or the parameteza K-l,' Re q? pr,and é will completely
.determine the rate of water catch and the region of impingement on & given
airfuil, provided that flight and icing conditions are known. Further; the
four parameters are slmply related, in 8 way such that if any two are. known

‘lthe cther two . can be’ derived. Thus:

d'.¢=¢~ R . (3—17)»

Theee equations are represented graphically by fhe criae-cross chart of
Fig. 3*5 This chart maj be found useful for vErfornance studiass

(l) Generally, a w1ng will have variable chord length. To study
the water catch at several sections of a wing flying at speed U through
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droplets of size Bh at a fixed altitude, follow, or make calculations for

sevaral points on, a horizontal line (NRe 4= constant), which is independent
]

of the chord length.

(2) A certain cross section of a wing is to be studied for vari-
ous flight speeds at a fixed altitude. Follow a vertical line (*/ = con-
stant), which is indepeident of the speed. Results will be applicable tor
a fixed drop size; also, the same results can be applied of the ratio L/Dd
is fixed and the altitude has not changed. To study another chord length,
use another vertical line. ’

(3) similarly, to study the influence of variable drop size on
a given airfoil section, follow a line of constant ¢ , which will be fixed

for a given speed and altitude.

(L) Finally, when the influence of altitude is to be studied, all
other quantities being fixed, a line of constant K-l may be followed for

most practical purposes.

The criss-cross chart is easily constructed on a sheet of biloga=
rithmic paper, and any region of particular interest can te constructed on

a large scale so that the designer can achieve as much accuracy as he would

like.

3-1.3 Solutions of the Trajectory Problem
After the parameters K and NRe q are determined, the solution
>
of Eq. 3-5 and -6 can be effected by any of the foilowing methods:

(1) Numerical integration; e.g., Ref. 11, 12, 68, and 79.
(2) Mechanical analog; e.g., Ref. 23 and 2.

(3) Differential analyzer.
(a) Bush type: e.g., Ref. 13, 50, 51, and 81.

(b) Reeves type; e.g., Ref. 126.
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{4) Digd‘.tai computer; e,g., Ref. 28.
(5) Orephical methodj e.g., Ref. 2L.
{6) Experimental methods; e.g., Ref. 22 and 97.

Of these methods, No, 2 &nd 3a seem to give the most dependable
results so far. Method 3b shows promise of giving resuits most rapidly,
‘because the velocity flow i‘ield is built into the calculation system and
need not be calculated indapendantly.

32 Bwrumary of Availsble Solutiml for Alrfoils :
Trajectory data for the circular cylinder are pressnted in Ref. 81,

The method of employing .an "equlvalent cylinder” to tredict the impinge-

ment on airfoils, as; suggeatad in Ref. 127, has been found to be a falr

: appro:d.mation only for cerrtain thick Joukmki air.t‘oila, and to be un-

satisfactory Tor low-drag airi‘aila. Tharefore, the tra,jectory data for
- ¢ylinders are omittad and only data for airf.‘oils are presented. Some so=

~ lutions for airfoils are listed belows

Mrfoil Shgge _ ' Refarance Remarks

Afrfoil : Y A stokes' law. regime

- Joukowskl symmetrioal 15 per cent 50, 51 0%, 2%, L* ang;e c_)f_att;ack'

" Joukowski cambered, 13 per cent

~ thick . B0 0" angle of attack
 NAGA é5, -015 . - 0" angle of attack
NACA 662-X, 16 per- cent o © .79 2.8° angle of attack
Arbitrary airfotl " . 11 Graphical, based on data of
L L Joukowskl airfolls
oukowski symmetrice.l 12 pér cent 11 9' angle of attack
NACA 65, 212 o .. 23 - L* angle of attack
NACGA - 651-208 ‘ : ' 23 iy arﬂlglve of attack
NACA 65004 - - 2l L*, 8° angle of attack
- NACA 0006-614"’(5 per cent) 102 0*, L4* engle of attack
- NAGA 18 (50) 002-(50)002 —*  pouble wedge, 0°, 5°*, 10°

angle of attack

'l‘ha caleulations were performed by Reaearch, Incorporated, of Minnea-
polis, Minnesota. The data were received in a communication from Aeronauti-
cal Icing Research lLaborstories, Ypsilanti, Michigan,
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Airfoil Shape ' © " Reference

NACA 65A005 : : o, s,
HACA 65A006 : :
YACA 65A00L7S ] 28 h‘ ?88
NAGA 65A003% ’
Swept wings 35

- SBupersonic wedge . 125

. Supersonic wedge and diamond _ .

' atrfolls » s 118

. The trajec*ory dat.a for saveral of these airfoils

1

‘nsxt sections.

33 Total Rate of \Vater Impinggnent

Remarks

10° angle of attack

miles par hour;
miles per hour

are presented in the

The amount of water impinging .on an alrfoil per wnit time per unnt

gpan 1s equal to the effective volume ‘that the alrfoil sweeps thirough in
unit time multiplied by the mass of. 1iqu:Ld wa'rer oontained in unit volume

of the atmosphere. In consistent units,
w =1} . ‘
= Y 1¥o,u "'yo,l Wy
‘Usi’ng practical flight units,

= 0379 Uy w, |¥

OJufy’O:ll o

* (3-18)

o (319)

' where | W = rate o.t_‘ water cateh per vunit sp.s.n_; lb/hr ft = span -

yc:,u’f':"m,l
: . a“b X == ao, f’c

v = a.ir spaed, knots

: l...quid water content, gfou m

£
i

Y- coordinates for upper and lower tanrenb trajactories _

3 : ] .
The calculations were performmed by HResearch, Incorporated, of Minnea-
polis, Minnosota., The dsta were rcceived in a communication from Aerorauti-

cal Icing Research Laboratories, Ypsllanti, ifichigan.

<o
)

WADS TR 5L-313




bR D A 3

3.1 Total 0011ection Efficiency
Results ¢f the {rajectory data may be correlated to a "total
cellection efficlency” defined as the ratio of the amount of water inter-

certed by the alrfoil to the amount of water contained in the vulume of
cloud swept out by the airfoil when at zero geometric anpgle of attack.
Thus,

—-(JE - (320)

where (Av)' ' is the alrfoil thiclcness.‘ * It follows from this definition
that E may be greater than unity for values of the angle of attack o
other than zero.l Equat ion 3-19 may now be written,

J

W= 0,39 1, wwi’h(AY) D G-2)

A tvpical graph of E versus - y& with N,

Re,d .88 parameter

is shown in Fig. 3-6. It is for the’ water tmpingement on the NACA 006h-6h
._;(6 per cent) sirfoil. The caloulations were performed by Lenhe*r and
" Thomgori (Ref. 102).

Brun, Gallagher, and Vogt, (Ref. 23 and 2) present curves of

IYB n - o 1 I/ L VHPSQS K- With NRe q @8 pa;ameter for the-

NAGA 65 -208 65 1-212, and 65A00h airfoils. Their, data apply in the fol-

,‘lowinp range of variables:

C Variable o ) Lo '  BRange

-Droplet diameter qd | ' 5 to 100- micrnxs _

Speed U, T 150 nph to flight critlcal Mach number
Altitude ' 1,000 to 35,000 £t

Chord length L - 2 to 20 £t '

Angle of at tack™ oL '

1 Ref. 25 the authors give data fer the NACA 65A00L airfuil at 8°
angle of attack. That material came too late to be included in the present
manual.,
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Dividing the ordinates of their curves for the NACA 651-208 air-
foil by (Ay)M = 0.08, wo -have translated the curves to the positions
shown in Fig. 3-7 where the total collection efficiency E is plotied
against K1 with Np,q 89 perameter. The line for Np, =150 ws
added after crocss plotting the original curves,. Similar figures could be
constructed for the other two airfoils by translating the authors' curves.
A _genenliution of this work will be found in Section 3-3.2.

Results of calculations by Research, Incorporated, on the NACA
18(50)002-(50)002 double wedge and on the NACA 65A005 airfoll are presented

" in Fige. 3-8 and -9, respectively. The collectioq efficlency Em 1g given

as a function of £l with NRe q o8 perameter. The coordinates of the

donble -wedge surfacé are presented 'in Table 3-2. The data used to con-
_struct fig. 3-8 a1_j1d -9 are presented in Table 3-.-3..

| Table 32 DIMENSIONLESS COORDINATES OF THE NACA 15(50)002-(50)002

R ' DOUELE WEDGE T
X _ oy L x . ’
T R N
0.6 0000 .08 04020 -
0l 0.00k | 0.6 . . 0,016 -
0.2 - 0.008 I 0.7 © 0,012
0,3 0012 . | 08 - 0,008
Ok = . 0,016 9 0,004
0,5 0,02 100 , 04000

Armour Reaearch Founderbion of Illinois Tastis ute of Techno'logy

. (Ref. 28) carried ou-t. caleulations to determl.no the total collection ef-
ficiency of three 'ohiq airfoils for specific icing and ﬂight conditions.

The calculations were performed on the basis that the potent‘ial flow around
each airfoil could be well represented by the potential flow arcund an ‘

' eil:!.pse ‘that would approximate a nejor part of the airfoil. The results

are shovm‘in Table 3-4.. The valuss of K and NR ,d corresponding to
the assumsd conditions are shown in the last two columns.
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Tably 3-3  WATER DROFLET TRAJECTORY DATA OBTATNED WITH ANALOG COMPUTER
' #OR NACA 1S(50)002-{50)002 DOUELE WEDCE AND NACA 65A005 -
ATRFOIL

NACA 18(50)002-(50)002 NACA 654005

Yo,u~7 8 Yo,u~%,1 2

' , 1
« Nﬁe,d K _“—3—-1’——'—0"' 2 -r « NRQ,d X ——’7‘—2-» ¥

0* ' o 0,333 0,0220 0,500 - 0° 0 0.C0 0,019 0,068

- 0 0,167 0,0128 0,500 0 0.025 0.0103 . 0.,024.
0 0,100 0.0092 0,500 0 0.010 0.0075 0,0089
0 04033  0,0056 0,500 -

: o 250 .~ 0.333  0,0175 0,500 250 -0.167 “0.0165 0,0528
T © 250 . 0.187 10,0096 0,500 250 0,021  0.0051 . 0.0092 .
, 250 0.100 = 0,0058 - 0.500 250 0.,0083 0.00L0 - 0,0052 - -
.+ h50  0.333 0,010 0,500 U450 - 0,167 0,015  0.0L05

450 01647 0,0067 0,500 - LS50 0.0l16 0.,0050 0,0100
' ' ~ ... LS0  0,0208 0,000 0,0065

0.100 0,038 0.0275 - .B® 0 6.167, .-; o.'o'm 0,310

5 0 N
-0 0,050 0,027 0,020 . 0 0,016 0.025 0,102
0 0,000 ~ 0,0125 . 0,008 . 0 -0.0167 . 0.0l 0.0k
0 0.0026 0,0065 0,0032 ¢
80 0.100 00,0315 0,0225 i
. 80 0,025 0.0170 0.0115 ‘ _
250 0.333 . .0.0L9 0,035 250  0.167 -0,0375 0.2l0
T 250 0,100 = 0,0255 0,018 . 250 0,100  0,0285 0,155
.. 250 0.0 0.0200 o~ - 280 0,025 0.0132 0,0L7
" 4500 10,333 T0.037: 0,029 450 0,167 0,020 .0.155
450 0,100 . '0,0205 = . - © L50  0.100  0,0230° 0,12k
450" 0,050, 0,0155 0.,0085 450 -0.028 . 0,0070 0,033
10 0 0,67 0.03 - —  10°" 0. 0.100 0.060 0,215
0 0400 0,072 = ,. 0. 0.050° 04050 - 0,165
0 0,050 0.0L9- 0,260 0 0.025 - 0,029 | 0,006
0 0.010 = 0,029 = 0

‘ e 0.010 0.015 0.,0023
0 0.0026 "0.020 ¢ 0,008 :

L 0,01 008 e
80 0,025 0,030 —

250 0,333 70,092 0,420
250 0,167 0042 = .

LS50 0.667 0.105  0.LSC LS50 0,100 0,040 0,115
LS50 0.333 0,067 | - LSO 0,025 0,006 0,037
“L50 0,167 0.0h49 0,215

L50  0.01L 0,020 —
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Table 3L TQTAL COLLECTION EFFICIENCY ON THREE THIN ATRFOILS

IN SPECIFIC ICING CONDITIONS® (Ref. 28)
: -Ma:}or
: ; Axis of Valo=
. NACA Airfoil Equiva- city Angle Effici- Impinge- Inertial Droplet
; Alrfoil  Chord lent U o of ency of menb Para-  Reynolds
‘ Saction Length Elllpse Attack Catch Limit\: meter Number
B (£t) (£t) - (mph) {deg) (£t) X Ny
654006 20 18 B0 0 0,063 0130 0,022 99
ésAooh75 11,5  10.35  Loo 0 0,11 0.13h 0,038 99
6540035 3 2.7 loo 0 0.29 0.220 ‘0.7 99
| Gsa006 20 18 700 4 036 L1 0.,0386 - 172
o (65400475 11.5 - 10,35 700 N 0.9 04,067 172 .
6540035 3 2.7 700 L 095 1,0 | f.as7. 172
B ‘“l
£ e :  "A1l results are for icing conditions of 20,000 ft pressure altitude,

15 micron droplets, and 15°F air tetperature. For L4® angles of attack, the
limit of impingement only on the lawer surfece la glven.
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3-342 Generalization of the Motal Collaction Efficiency

In a graph of Em . TRrsus K"I with NRe,d a8 parameter, it is
quite often necessary to interpelate in N,1 « Further; it is difficult
to represent more than one airfell at one anrvle of atteck with such a
graph and many pages of graphs must be employed for each airf oil. I

Stokeas! law of drag on & gphere could be used, the quantity CD R d/211 in

Eq. 3=5 and =6 would be identically unity, a correlati on would be independen

of NH 0,d? and interpolation would be unnecessary. This idea has led to
the use of a kind uf average inertia parameter to bring lines representing

water impingeman‘o data cldaer together.

. Acwrdinrr to the procedure of Sharman, Klein, and Tribus (Ref. 120)
tha oollection efficiercy. curvee of the above alrfoils for various droplet

Reynolds numbers may bs brought closer together by using the average inertia

pare.me er
o X o | o
Ky B =2ous ¥ , . ) . (3=22)
g Ag : : o
where
P! Reyd . ) T , . '
‘ -a-... - o 4 - - (3..23)

The symbol n is a dwmy var‘iable, represen'ojng the Raynolds number in

Table 3-1, - Physically, ’\S/)‘ is an avera['e value of Cp N Re, d/2h for

a drop projec’ced into still air, gince )‘S is the distance the drop

. would travel if projected into still air with velocity U when the drag

force. obeys Stokes! lsw, while A is the distance the drop wuu.ld travel
4if projected into still air with velocity U When the drag coei‘i‘i’ient
follows the experimental values given in Tabla 3~1.

 Figure 3-1l1 is a graph of Em versus K curve for the NACA
651—208 airfoil. The curved are replotted from the graph of Fig., 3=7. The

‘single dash-dot curve is drawn through the arithmetic averages. It corre-

lates values for Reynolds mmbers from 16 to 1024 within about 10 per
cent. Similar curves are shown in Fig. 3-10 and -12 for the NACA 65A000
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and 651-212 airfoils, raspect.:.vely. Lenherr and Thompson (Ref. 102) have
presented the. aforementioned collection efficiency of the NACA 0006-6l
airfoll in the same way with similar success.

Guibert, et al (Ref. 50 and 51), plotted E_ against /' with

Nl‘{a, 4 &s parameter. ﬁlair data a.re} applicable in the following range of @
variables: S o
- Variabie . L Range - »
‘Droplet diameter D 1 ; : : 20- to 100 microns
fpeed U o .LOO to hOO mph
Altitude o . &ea level to 20,000 £t
Chord 1ength L o 0.25 0 30 £t

‘ _Sldarman, Klein, and Tribus (Ref..120); employing their transformation,

géﬁéra'l iv;e’d this work. Average single curves for'the 15 per cent thick
Joukowski airi‘oil at various. angles of attack and camber aras plotted ‘boget.her

in gl 313

Tr:bus (Ref‘. 1214) refers to a sbucbr by Drell dnd Valent:.ne, who
hava plotted the collec.tion effi\,:nency curves of various airfoils in yet ’
arother i‘aan" ont E Y vetsus, ¥ with N 6,d ‘a8 parameter. For value_s

_,'.‘of AF  less than 100 they brought the available data close togethers

For values of Y 1arger than : iOO, however, the parameber - No, 4 Plays
b
a significant. role. : ‘

_ A graph of Em w versud. - 1& hes an advantage in dealing vrl't.h a
- tapered wing of uniform per cent thlckness, ‘because each noorda.na.te is
independent of the velpcﬂ.‘by and- (from £q. 3-1l, -18, and -20),

s Ay, 7 e

W » max -
rg@' = I "t | By ¥ (3-24)
1T :

where the quantity' in brackets is a corxstaﬁt for this type of wing in given

flight and icir&g conditions. Of course, it is suprosed that the taper is

small enough & that two~dimensicnal [low satisfactorily approximates the

actual flow.

WADC TR Sk=-313 1a2
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3343 Dimensiona. Charts of Water Impingamant Data

For practical calculations it is more convenient to employ di-
meneional charts, particularly when lengtty analyses aré necessary. These
charts can be constructed from the dimensionless graphs presented in the
Typlcal charts are shown in Fig. 3-1l to =19 for the

previous sections.

"NACA 65A00L, 651-?08, and 65,~212° airfoils at 10,000 and 20,000 ft pressure-

altitude. . In constructing thesa charts, the air temperature waa assumed

" to .be 15°F and the mean effective droplet size 20 microns diameter. Other

gimilar chafts based on the most probable iclng temperature of Fig. A=l are
presented in Ref. 23 and 26 .for the same airfoils. ,Similar kinds of -charts
for other airfoils ¢an be constructsd as individual needs arige.

3-L- Ares_of Impingement o ‘
'Knowlgdge of ‘the area of impingement rer unit span is nesded to deter~

mine how far back the double-skin hester should extend. Alsc, it will be

required in some calculations of Chapters 5 and 6.

~ The trdjehtories tangent to the airfoil surface separate all réjectories
.1nto those that are deflected away frdm the surface befors raaching it and
those that intersect nhe surface. The' points of tangancy determine the
area of impingement. This area dcpends upon thes largest droplet size; for
eimp'.licitv, “4he discussion is 1imited here to droplet= of unlform skze.

‘- The length NS and 51 will denote the profile diqtances of inm*nre—

I ment from the geometrﬁc leadlng ‘edge of the airfoil on the upper and lower

surfaces, respectively‘ The ratios ‘of these distanees +6 the chord length
4re - dependent on any two of the impingement parameters K'l, NRe,d’ 7/

and 4 .

The rc::lte of Guibert et al (Eef. SO and 51) cover Joukowski airfoils

at various angles of attack and camber and the NACA &4 7015 at L* angle of

attack, Theylwere originally presented in the form: su/L (or /L)

versus 1 with Noo,a 26 parameter, Sherman, Klein, and Tribus (Ref. 120),
)

unging the idea of the average inertia parameter Kg {see Section 3-342),
correlated the results so that in a graph of su/L (or SL/L) versus K.,
»

[
2

{
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they were virtﬁally independsnt of the droplet Reyﬁolds number. The devi-
ations from a curve drawn through the averages for a particular alrfoil at
a given angle of attack could be neglected for most practical purposes.

The values of su/L and SL/L for the 15 per cent symmetrical and cambered

- Joukowskl airfoils at various angles of attack are shown in Fig. 3-20.

The area of impingement per 'unit span for the NACA 0006-6k {6 per cent)
‘airfoil at zero angle of attack is presented in terms of au/L = Bl/L versus

W with L FEEL parameter in Mg. 3-21.

, Brun et al (Ref. 23 and 2)) presented su/L and sl/L as functions
of K™% with Neo 4 as parameter for the NACA 65A00L, 65. -208, and 65 =212
airfoils at L)* angle of attack. Attempis were, ‘made during the prescnt pro-
Ject to recorrelate those values in terms of KS a8’ suggestad in Ref. 120.
Deviations from the averages of ths impingement areas corresponding to the
droplet Reyholds numbers from '16 to 102h .wers found to be fairly small

in the case of the NACA 65 =212 but. eXcessive in the case of the NACA 6)1-208.

airfoil. For this reason’ generalized charts for thase airfails nre not

_rqcommendgd, and instead the graphs from Ref. 23 and 2L are: Teproduced as

Fig. 3~22 to ~25 in this manval. Apparently, the method of Ref. 120 is
not. denendab'ie for thin airfoils.

Results Lalculated by Qesearch, Incorporated, on the NACA 13(50)002-

: (50)002 and on the NACA 651005 airfoil ‘Bre presented in Fige 3-26 and -27y

egpactively. At 267G angle of atta*k, the area of impingement on tha
double wedge is O.S, at 5 and 10* angles of sttack, au/L = O, The limit
of impmngement on ‘the upper surface of the NACA 6;&005 airfoil at. 5 and 10°
angles of attack is ‘such that 0 <:su/L < 0.001.

35 Distribution of Impingement on Airfoils

The droplets strike the surface of an airfoil in greater nmumbers on
t area of the leading edge than on the downstream regions. While know-
ledge of the total rate of impingement. is useful for purposes of preliminary
design, the distribution of the droplet impingement is nesded for detailed
analysis of a given system. The distribution may be considered in two ways
which are discussed in the next two sections.
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3=5.1 Accumulated Collaction Efficiency

The rate of impingement per urdt gpan may be considered a
function of s/L, say W'(s/L). This function is defined so that
H’(s.‘/L) = 0j that is, it represents the rate of impingement on the portion

of the surfaca bounded by the tangent point at st/L on the lower surface

"mnd the iniptngement point at s/L where the intermediate trajectory strikes

the surface. For example, W'(aL/L) = W', which is the quantlty plot.ted in
Fig. 3=-1l4 through =19, :

An accumulated collecti';on efficiency B, which depends wpon s/1,.

- 1ig definedy
W/L) = Uy o (DY) B ey (3-25)
It follows from the definitions of E and E_. that
W'(s/L) Eow ' (3=26)
Ey

The ratio E./E depends upon any two of the impingement parameters K'l_;
NRe d’ /N and & . Obviously, the rate of water catch between points
A/x. and sB/L is equal +0 |
c (8,/1) E*) - ‘
w' (s L)*W'aLr-—---—-W' o o (3-27)
Y =\ | |
- Guibort et al (Ref. 50 and 51) calculat.ed ‘the distribut* on data
i'or the Joukowski symmetrinsl 15 Dper cent airfoil at 0°, 2°, and L* angles
of attack, for tha Joukowski cambered 15 per cent eirfoll at 0 angle of
attack, and for the NACA 652-015 airfoil at h' angle of attack, They pre-

o sented thsir results by plotting E/E ‘against s/L with N ,d and

K‘l as parameters. These. charts are reproduced as rig'. 3=28 to =45,
Inspection of these distribution curves reveals that for a given

value of K"l, the effect of Ny ,d is small; but that for a given value

of My, 4o the effect of varying ’k1 is quite large. This means that drope

let size is relatively more important than velocity in determining the dis-

trivution of the water impingement.
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3=5.2 Local Collection Efficiency

The local rate of droplet impingement per unit area of airfoil
surface can be determined from the expression (in practical units),

dy
W= 0379 U wy ¢ === 02379 Uy way B (3~28)

w
The dimenslonless local collection efficiency P is defined by Eq. 3-98,.
in which EU = knots and E|oﬂJ = g/cum. Figures 3-L6 through -5k
reproduced from Ref. 23 and 2L show p plotted against I("1 as parameter
for the NACA 6SAOOS, 651n208, and 65 ~212 airfolly at L angle of attack.

. These graphs are based on the slopes of ¥, /L versus s/L curves obtained
from bhe trajnctory data. :

It may be noticed that the maximum rates of impingement occur

' bctwean tha air stagnation line and the geometric 1eading-edge lano Oon
v account of - the airfuil geometry and tha manner in which the dropleta ap-

proach the alrfoils in thig nelghborhood, the graphs of y /L versus. s/L
are not well defined in the range 0,01 == s/L = 0,0. The possible error
in the maxd. mut vdlue of B is estimated to 1lie between + 10 to + 25 per

-1 and-the airfoil.  This posalble ‘error

cen%, depending on the value ‘of X"
¥ not ccnsidered ‘serions because only a small portlcn of the tntal water
catch would require fedistribution if the’ maximum value of p is ulwnged_
by as mdﬁh as the maxzmum poaa*ble error.’ The total area under’ the curve
should not be changed when a change in the maximum value of @ is made,

becauSe the- total amount of watev impinging, determined by yo 0= Yol
§

8,/L
and by Jr B d(s/L) is independent of the manner in which the water
8
is distribéted near the leading edge.

Distribution curves for the NACA OOOé-éh and 65005 airfoils
and for the double ‘wedge 18(50)002-(§0\00 weore not calculated.

3-6 Influence of Angle of Attack and Airfoil Maximum Thickness
There 1s available to date only a limited number of data on airfoils
of different series, angle of attack, camber, and thickness. Reliable inter-

polation techniques, therefore, are of practical importance. The work of

WADC TR-SL~313 159
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Sherman et al (Ref. 120) indicates that by introducing KS the effect of
the Reynolds numher in the charts is minimized. For many practical pur-
posas a single curve is all that is necessary to correlate computor data
of collection efficiency or impingement area for a particular airfoil at a
specific angle of attack, A superposition of curves for a particular air-
foil at several anglaes of attack or for airfolls of different maximum
thickness (in terms of per cent chord) at identical angle of attack may
permit the interpolation er extrapolation of existing resuvlt s, '

'3-6.1  Influence of Angle of Attack on Rate of Water Impinpement

Impingement data for a few airfoils at more than one angle of

' attack are available. Tigure 3-55 1g ‘a.graph of the ratio En{ versus

angle of attack o, the quantity E 0 - being the total ccllectlon ‘effici-
ency at zero angle of attack. The curwes, which represent the 2 per cent

‘doubls wedgu. the symmenr;cal per cent alrfoil, and the Joukowski sym=
) metrical 15 per cent airfoil, were obtained. by cross plottlng the ﬁ:aphs
-of Figs 3-8, -9, and ~13, respectivelv. They are drawn for particular
‘values of K and NR ,d or of KS’ but curveg for other values of the
- parameters- can he conetructed whenever exact caleulations must be carried

out , Clearlv, the influence of increasinp the anpla of attack ie to in-
crease the rate of impingement, and this iniluence 18 greuteet for the
thinnest alrfoils;

¢ 3w6,2 0 Influence of J‘~ng»]e of. Attack on Impingement Arsa

Increasing the angle of attack 1ncreases the extent of lmpinge—
ment‘on the. lower surface of the alrfoil and decreases it on the upper
surface. The influence of 1ncraaslng camber is opposite to that of in-

. ereasing che angle of attack. Compare, for example, the curves of Fig. 3-20

at equal values -of KS and the graphs nf Fig. 3-26 and of Fip. 3-27 at

correspoudlng values of the paramaters K -1 and NRe i
)

Jeba 3 Influence of Airfoil Thickness on Tetal Collection Efficiency
Individual curves showing average values of Em plotted againzt

KS for several airfoils at L® angle of attack are presented in the graph
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of Fig. 3=56. Airfolls having thicknesses from L to 15 per cent are repre-
gsented, The thinner airfoils display the highest efficiencies, because
they are less effective in deflecting the droplets. This chart may be use-

ful when axact data for a similar airfoil are mnavailable,

The influence of airfail thickness on the total collaction effici-
ency is possibly best iliustrated by a cross plot of Fig. 3-56 as shown in
:Fig. 3-57. Here E is plotted against the thickness ratio in per cent,
In tils graph- NR 4= 170 and K -1
that the fourth cntr" in'Table 3-L, calculated for the 6. per cent alrfoil,
could ‘be included for comﬁarieon. The curve, which was faired through the

= 26, These values were selected so

"points to show the trond, was drawn beneath the puints of the cambered air-
. foils. It appears that the resu;ts for the NACA OOOG-éh airfoll may be
: somewhat low. : ‘

.uhile the‘tetel collection effieiency is'greater‘on the_thinner
. eirfbile, it should be observed that the rate of water impingement on the
thin alrfoile is less than it is on thick airfoils of equal lengfh under
identical flight and iclng conditions.

: 3-6.b " Influence of Airfoil Thickness ong;mﬁinpement Arsa

B . Impingement areas on airfolls at L® angle of attack are shown in’
~Fige 3 58. These curves which represent arithmetic avereyes for several
‘Reynolds numbers are presented to show the trend, . For accurate results,
particularly with regard to the thinner airfeils, individual curves should
‘be. uaed (see Section 3=4) '

Bruh gt al (Ref. 2L) have made further comparisons ef'hne ih—
pingement conditions on the NACA 65A00L, 65 =208, and 65,-212. alrf01ls at
4" angle of attack They « oneidered one each of tne threc al'f01ls of
equal length. flying at the s ne speed and altwtude. Then they investigatad
the extent of 1mp1ngement and the rate of water impingement for K -1 = l,

10, and 100, They came to the following conclusions:

The rearward limit of impinpganent on the upper surface decreases
ag the thickness ratio decreases. Orn the lower surface, as the thickness
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ratio decreases, the limit of impirigement increases appreciably in cases
where K% €1, But for K- 210 the impingement area increases only
slightly. In genersl, & decreasa in thickness ratio will result in less

total water baing spread over a larger area of the lower surface.

37 Tapered Wings

', Some remarke regarding tzpered wings have alresady been made in Section
343‘2. In addition, it might be observed that the rate of catch is greater
outboard for small droplets than it is inboerd:and‘thet the reverse 1ls
‘true for large droplets. The explanation ie that although Eh increages

with decreasing chord length, the projected. area of the wing in a plene
normal to the main flow decreaeee. Beyond a cortain valua of droplet’
\diameter, 8 further increase in droplet dlameter and decrease in projected
area producee relatively small increase 1n qnu '

I

3-8 Compreeeibility Effect in Subsonic Flight ‘

Brun, Serafini, and Gallagher (Ref. 26) evaluated the effect of. com-
'fpreesibility of air on the water impingement. They found that for a cylin—
der. it wee negligible up to the- flight eritical Mach number. Their cal-
culetion revealed that the greateet effect of compressibility on the water
”inpingement cccurs at K = 5 end 15 50,000 with a decreasg of col-

lection efficiency of leee than '3 per cent. '

The extension of the resalts obteined with a cylinder to an airfoil
is Juetifieble, becauge the incompressible flow fields of c¢ylinders and
airfoila are eimilarly altered by compressibility. Furthermora, thé flow
field around the nose eection of the airfoil, where impingement cceurs, is
not, afiected to a. significant degree by compreeeibility.

Aerodynamic consglderations show that a change of the airflow field
which mighi be caused by placing the airfoil at an angle of uttack would
tend to shilft the location of the maximum difference between the compressible
and incompressible flows toward the leading edge of the upper surface and
toward the t8il on the lowsr surfaca. However, the same change also shifts
the area of impingement in the sams fashion; therefore, the area of
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impingement would remain in the region where the effect of compressibility
is of no practical consequence, and it appears that for airfoils as well
as cylindsrs the affect of compressibility is negligible wp to the critical

Mach number.

3—9 Bwept 'l‘ini in Bubgonic Flight
Dorsoh and Brun (Ref. 35) have discussed the general effect of wing
sweep on cloud droplet trajectories and swept wings of high"agpect ratios

. moving at subsonic speed. They proposed a method to extend the impinge—

ment data of non»swept wings to awept nings.

They ShOW fhat for swept wings of high aspect ratio and sma‘l taper,
it ia possible 40 obtain the x,yhprojection of the droplet urujectories

around it from two-dimensional trajectory data by using the component of
the. free stream velocity and the angle of attack in the plane normal to

the leading edge when evaluating the varilous dimensionleso parameters. The

. :aﬁanwisordiapléboment of the droplets cauvses a:small gpanwise shift of the

imbingeﬁent poinf. For droplets not of uniform size, each size will be

: shi?ted spunwize a slightly different amount, but. the net chordwise impinge- .
. ment in the normal plana at ‘each spanwise stution will be the same as the
‘net chordwise - lmpingement calculated from the X,y-component of the tre-

E Jectories when the given droplet-size distribution is uged, - ‘

© 310 Water EEE ggement in Suvpersonic Flight -

It appears thht if the ambient temperatures are 0*F or higher (which
inoluoes 90 to 95 per cent of reoordbd leing conditions) icing.wil;»not

:occnr at supersonic spueds. If all possible icing conditions ara con-

aidered, very high speeds would be necessary to prevent icing by aero=~
dynamic heatlng.

Callaghan and Serafini {Ref. 30 and 31) performed an analytical in-
vestigation with experimental confirmation on icing of a diamond (double
wedge) airfoil at flight Mach mumbers as high as 1l.L. Because of the
limited interest in these extreme conditions this problem will not be con=
sidered any further in this manual,
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3-11 Distribution of Droplet Size in Clouds
In the preceding analysis droplets of uniform size were assumed.

Actually, droplets of different silzes are usually present in the same
cloud., It has been a common practice to use the mean-effective droplet
diameter in calculating impingement data. For increaged accuracy, however,
a welghted sum corresponding to tha specific droplet-size distributioﬁ
patiern should be used. In particular, area of impingement is determined
by the largest diameter rather than the méan-ei‘rective droplet diameter..

' For convenlence, Langmuir and Blodgett (Rei’.\ 81), defined five dif-
ferent ;droplet-size distribution patterns as shovm in Table 3-5. The sisze
"is expressed as ths ratio of the average drop]at radius a in each size
‘group to the mean eifective droplet radius - a . i

Teble 3-5  WATER DROPLET DISTRIBUTIONS -

—— /
_ll'
0

Droplets e ‘ o &/ &

s}: :25’; 7 -~ Distributions

(per cént A . B c - D ‘ E

CsT 100 086 o2 0.1 0.23

1 S 1.0 RE 0.61" 0,52 0.l
00 0 1,000 . 08k 077 01 0,65

R T A W' B 1.00 -~ . 100 1,00 1,00
207 100 LWy Le6 137 18
W Lo ) L3 151 L7 2,00
5 100 L 1.8 7,22 2.71

A cbmplete anal:}.sis requires that the impingement Irate’ be calculated
for each droplst size. The raetes of catch ere ther summed in proportion
to the amotnts of water present in each size group, For ordinary design
puiposes this idea of distribution need not be used. It is usually found
necassary in a testing program when it 1s desired to bring results from
experimente and the theory into good agreement,
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3-12 Miscellansous Remarks on Water Imi{ggmm

Tt will be assumed in the following chapters that sll the water ime
pinging on the airfoll according tc the trejectory deta will have to be
removed from the heated surfaces by evaporation. The asswmption may be
somevhat conservative because there are mechanisms which decrease the rate

- of ir@ing‘ement vefore the wmuter reaches the airfoll or remove the water

after it has collected on the airfolil surface.

3-12,1 re-Evnpc"e.tion

. 8o far it has been supposed that the water droplets do not change
size as they approach the airfoll. The fact is that as a droplet moves
toward the s‘oagmtion region of en airfoll, pa.rticula.rly at high speed, its
size diminishes by evaporation. Lowell (Ref. 85) investigated such droplets
analytically and came to the concluaion that evaporative losses my be
several per cent of the droplet mes, A small droplet a.pproaching,along
a Stegnation line my even evaporate completely and never reach the sirfoll.

3.12.2  Bounce-0ff

Langmuir (Raf. 80) suggest.ed that droplets may bounce off a sur-

face. This problem wis further stidied by Scheefer (Ref, 113). He found
. t.hat when droplets of 100 microns diameter or larger would impinge on e

clean surface of & thick water layer they would not merge with the mter -

,b\rt.l_,_instead would bounce or "akate" a distance of 5.0 c,entimauers’ or more.

The sketing Stops"mei; the surface be_co:reé even slightly contaminated, and
the droplets enter the water wpon initial céntact with the surface. The.
akating stcps , 8lso, when the depth of the mater 1ayer is raduced to a
fra.ct.ion oi‘ a mllimeter,

No direct experiments to evaluaté the effect of bounce-otf during

flight seem to be available. However, the experimental results féund‘by
Gelder and Lewls (Ref. LS) on heat transfer are in better agresuent with
arialysis if it is assumed that no bounce-off occurs.
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3-12.3 Blowoff .

Hardy (Ref. 5L) has sugpested that some water may be lifted or
blovn off a wel surface. However, experimentation reported on by Tribus
(Ref. 12L) indicates no blowoff. In that investigation, which was per-
formed by T. B. Gardner, sll water pumped out through the leading edge of
an airfoil was collected downstream; the mass balance showed that no lwater
was torn from the surface. Boelter et al (Ref. 16) analyzed the forces
which might act to remove & drop from a surface, They found no net force
to which they could attribute its being blown away. s
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Chapter L: HEAT AND MASS TRANSFER BY CONVECTION

L-1 Internal and External Heat Transfer

Healt is transferred directly from the hot air in the double-skin pas-
sages to the outer skin by convection; some is transferred indirectly by
conduction through the inner skin. A part of the heat leaves the outside
snrface of the airfoil by convection, another part by evaporatlon; both
these processes occur on the exterior surfaces within the narrow region of

the boundary layer and are closely related.

The reader should take care to observe whether he is considering a
local or s mean coefficient of heat transfer. Local rates of heat transfer
are used to analyze the performance of a glven anti~icing system. Averags

rates are cmxplo:,rc'q in preliminary design calculatior

In this chapter, equations fcr calculating the coefficlents are pre- .
sented. In Chapter 6 the rates of hesat transfer are calculated.

'.h-l.lai ‘Conysction of Heat at Low Speeds
The rata of convection from unit area of hcated surfaces in a low- .

speed air sbream is

T ), ) : ..»] (h-l)

o qg-;-:h(Ts.-f S
where h denctmc the lccal coefficient of heat +ransi‘er.1 Subseripts 8

"and o . pefer to the surface and free stream, reapectively, ard T is the
- 1oeal absolute temperatures of the surface at profile distance 8 from the

atagnation point.

‘ The coefficient h depends mainly on the local air speed and ths
distance from the lesding edge. It also depends on the air properties,

lThe quantity h is sometimes called ths point unit conductance; a
mean va%ue is then said to be the average unit conductance. The units are
B/hr £t
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L=1.2 Convection of Heat at High Speeds
At high speeds frictional or aerodynamis heating has an important
effect and Eq. L1 must be modified to become applicable. The frictional

heating reduces the rate of heat trsnsfer by convection. It has been found
(Ref. 39 and LO) that the following modification or generalization of
By» L=l accurately gives the net rate of heat transfer by convections

% =h Gs - n.r Eg J c ) =h (T Taw) (h-2)
wﬁere : ‘18 the loc&l recovery fac-bor (Saction li=2) and T " defined by

thi!a equation, is known as adiabatic wall temperature. Subscript 1 refers
to the local conditiona at the outer edge of the boundary layer, vhich are

diﬂcusﬂed in Section h"s In Eq. ’4"2, gmploying U = ft/SGC, g = 32,17
' 1=

ft/sec?, J = 778 Ti 1b/B, ‘and ¢ _ _ = 0,240 B/1b'F, the product - 2gde, =
, ]

Pst

- 12,030 i‘t.z/sec? F. Al low spesds the last term in the parentheses is

rslatively small and can be neglected, '1‘1 s hardiy any: difrérant from

‘ To’ and Eq, 42 reduces to Bqe L-1. A particularly interesting i‘eature

of Bq. L~2 is that the coefficient h can be evaluated from data of low-
apee.d experiments in which Eq. L=l is used as & defini‘oion of h.

h-2 Local Racovery Factor e

‘I'he quanti'by e is ’c‘ound by both expertmem'b and theory (Ref. 39
and 65) to depend upon whether the flaw in the boundary layer is laminar

‘ qr tu.rbulent. 4nd ¢$n the Prandtl number of air (NPr /u.cp/k)

For the range of tamperatures encountered in the presant application,

" the Prandtl nmnber of air may be taken to be constant at the aVerago value
Q. 71 {see Table A-2).

h-2.1 Evaluation of Y, for the Laminar Boundary Layer

In the case of laminar heat heat transfer,

o= M/i=08y (L3)

2%
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L-2,2 Bvaluation of N, fer the Turbulent Boundary Layer

In this oase,

e = N},ﬁ’- = 0.89 (heis)

L-3 Evaluation of #ir Properties at the Outer Edge of the Boundary Layer

In order to use Eq. "L-2 angd some subsequent equations, ths local ‘
static abso1ute pressure Dy, the local static absolute temperaturea 1,
and the local velocity Uy will have to he evaluated. For this purpose .
flow dlong the outer edge of the boundary layer is assumed to be isentropic,
Also, the free stream Mach mumber M, 1is assumed to be below the critical
value so that ﬁhé flow is either’iﬂcompreSsible or subsonic, without-shock.l

‘L-31  Preliminary Evalustion of p; and T

Since Py and Tl depend upon the free-stream absolute static

pressure p and temperatura T o? which are aroitrary design parameters,
axact evaluation of p1 and Tl is not always necessary. For a preliminary
calculation satisfactor" results are obtained by placing. Py =P, and

Ti = To’ tha pressure p being found opposite the given pressure alti?ude
in a tabie of the Properties of the Sﬁandard Atmosphere (Taoln —;).

. |
I=3,2 - Incompressible Flcw

For . hA < 063" the Tlow may be assumed incompressible, 8o that
P,E-Eo. It rollows that Tl T° ~and that from Bernoulli's equation

‘ v U . o :
R A R

]

1The free stream Mach aumber W, is the ratic of the free stream
veloelty U, to the velocity of sound a, in the free stream. Since at-
mospheric air cen be considared an ideal gas, the velocity of sound in air
depends only on the temperature. Tables A-1 and -2 give the velocity of
gound in air as a function of the temperature. The chart of Fig, A-2 may
bo used to evaluate Mach numbers for a given speed and tempersture,
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In this equation [p]= 1b/t%  when r o] = slug/ft? and [v] = ft/sec.
To convert from 1b/ft2 to in.=mercury see Table A~L. 1In Ref. 1, ratios
{u/u,) and (U;/U,)? are tabuluted as a function of chordwise distance
for several airfoils of basic thickness form (symmetrical airfoils). The
-authors show by example how their tabulated valuss can be modified to allow
for finite camber and angle of attack. Thus; Ul/Uo and P, can be cal~
culated as a function of 8&/L.

In numerous other references daaling with properticsg of airfoils,
the pres sure coafficient,

- Pl - po '

C .= (L=6)
p-sl PN .

R L o

is given ag a function of chordwise distance in graphical or tabular form,

.' “For some preliminary ~::alcula'h:i.on.a it'will'be found convenient
“ %0 employ the ‘following mean velocity and $o assume iv is unlfonn uver the
entire heated surface (Ref. 89 and 117): '

. Cc i
v |- L
‘ Um = Uo (1 * Efg;;j;) | (=)

The positive sign is for tha wpper surface ‘and the negative 51gn for the
;awers.CL is the lift coefficient and - ~& 1is the angle of attack,

4=343 Compressible Flow : v
If M, =-0. L more accurats results will be obtained by consider-
ing that the fluw is compressible, then thie denaity e 18 not uniform and
T # T,

At high subsonic velocities of the free stream, the local velocity
Uy at any peinks may reach the local- velocity of seund. The corresponding
value of the free stream Mach number is called the critical Mach numbar,
Below the critical Mach nusber the flow is said to be subsonic. The presont
discussion has besn limited to flow in this region, for at higher spesds
aerodynamic heating becomes an inereasingly significant quantity, reducing

the thermal enerpy required from the anti~icing system. Information
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rogarding heat transfer calculations in the cases of transonic and super-
sonic flows around airfolls can be found in Ref. 65,

The distribution of ths pressure coefficient Gp for subsonic
spesda at any point on an airfoil may be found in terms of the pressure
coefflcient for incompressible flow cp,i' The following equation, due
to K&mﬁn, is in gooud agreement with experimental results on the forward
regions where separation does not occur and gives a good approximation up
4o the critical Mach nuiber for most airfoils (Ref. 62).

: C E ‘
¢ = ——p—tat O -B)

P*3%, B-f)

- where

0.5
p=0-MdH " ()t

‘ iiti; given free stream Mach number and the distribution of Cp
the properties at the outer edge of the boundary layer may be calculated
by means of the following equations (Ref. 65, Section II):

«.pl_. - L2 ‘ .

7 = 0,702 + M? G, + 1‘ : o (Jt4-10)
. 0.288 :

T Py \

#:(p_l} (L=11)
T o]

if T \'31/2 , o

1 b9l ( N L
==|1 (1 - o= L=12
E [ G- ) (12)

and
Q.712

s _(p_l)

Pﬂ po ’ (h 13)

Figures L-1l, -2, -3, and =L, reproduced from Ref. 65, may ve used ag aids
in the ctalculations. Thc equations and fipgures are based on the value
k. = 1,405 for the ratio of specific heats.

lAlternatively, for subsonic flow B = cos sin™1 MO.

WADC TR 54-313 LEL




JIHSNOILY13Y IMNSSIHd  OIdOMLINISI 1-b91d
49 INTNG144300 IUNSSINd

olLvy

80 0 00 ___ v0-~ 80- gi- 91~ 073,
AL YA A
; \\\.\N\:\ iz 10
\.N\nf | \\\
WA A A
VY d s
\Q\W\\\\\“\ v Y : \\mm.o
| 4 \%\\\\“ﬂﬂoi 1
- =1 | 7 | 3 ™
— —L o
“ﬁO\\\\\\M\\.\ . . M
\.%“.X\ 1
S
4/

F A .

A A | 3WNSS3Hd  TYOLLIMO ~——
\\\ //f : _

Ll

\A\\\_W\ ! | | -m._.

165

WADC TR 5L-313




JIHSNOILYT3Y JUNLVY3ANIL  OIdOYINISI 2-b°9ld
49  IN3I2134300 3UNSS3Hd

80 0 00 - vO0-  §0- - 21 _ 9i- 02-
1T T T 1T T 7 ] T T =T T * 980
OolLYH LA L PRI [-1- 7]

B Y P

7

060

\
/ /

FMNLVEIANIL TVOILIND —_— Nm.\ \N . \\ W \,T\\\u

iy e i

W

e

]

N
N
<

%\
\

+60

L y

7
\
e
P |
O A 260
]
\
| —

A :
v S % x.\
Y7y \\\ \\\\\\&O\ — \wm.o
. \&\ \“T Lau — .
.\\w \\.\\\\l\\ \ IO&iimmO T
: = - A

00

—20!

il
\

@%\\\Q | | .:...eo._

4, O B S S - 901

P — 1

JUIPRETE PR S

166

WADC TR 5L-313



dIHSNOILVYTI3d ALIOQT3A o.n_om._.z.,ww,_ €-v 9i4

99  IN3I2i44307 IUNSSIHA,

80 0 00 $0- 80— 21 91— 02
_ i T T 1 | ,‘_ 1 (A { 1 _ | { 0
£C Tl 1
+'0 <0
\\,~50 =
90 b0
i 90 -
ﬂ ~4C OllvH  ALID013IA B 5
g0 R . —E
60 N WOy ——— |
: : Jo'1
co~ ‘ ¢!
o S0~ / B
J - 91
Al
S
P - / .
90 %//\ :
INEey AN kb
80— - /// .
W ¥3EANN HOWW = 60T\ \J*¢
_ / e
92
/.n..u

167

WADC TR 5L-313



JIHSNOILVYI3M ALISN3d o_momkzwm_ - "Ol4
‘0 IN3iDI44300 3IJUNSS3Yd -

80 ¥0 00 b0- 80- 21-  91- 08-
1 7 T T T - T

! R A y— S0
. - /] \\.K\ 3
\&Mﬂmf \\\\\\ \\m o
\\\\ .\\\\W\\\\&\,\\\\\ um.o
W7 \\Aw\\m |
e T W v
‘ 3,
Sr== 1 R w
w.uhu\\“w\“\\\ .‘ | = : 11
g7 AlEEREER -
Kmﬁa%\ _ . I =
ALISNIQ TVOILIND ———1 3
£ :

="

148

WADC TR 5h-313



In some references on airfoil data the pressure voeificient CD is
not given and, instead, the ratio pl/H° is plotted against the chcrdfise
distance. Herse Py is the local pressure 25 tefore, and Ho is the free
stream stagnation or total pressure:

H, S p, +F, * %("0 v? (L=1k)
Ihare '
Fo=l+%M§+'E]‘.o‘ M);'fcooc (]-l-ls)

which is pletted on the‘abscigsa'of the chart in Fig. A~3. The relatioh-
ship between the pressure coefficient Gp i and the ratio pl/Ho is
s

ST
H- Mo - 1

?K M2

.. o1 (k-16)

~ k=l Calculation of Profile Distances .

~In order to- calculate certain quantities ‘regarding- rates of heat
?transfer and mass .fansfer, and to relate impingement areas to chordwlse
: distance, profile diutances from the gdometric leading edgs ur ‘the airfoil
- are needed. Profile voordinatea can usually be found tgbulataﬂ in ths
_1iteratuze.. For example, Ref. 1 contains tabulatlona of the profiles of
meny of the low-drag airfoils. Employ1ng those data, one can lay out the

airfoil to large scale and’ measure dimensionless distances s/L along

g the profile using dividers and scale. Or, the distances can be.calculated
in an approximative way suggested by Falkner (Ref. Ley. This méﬁhod is
summarized below, 4 iabulat;on of the Xx,y~coordinates of the profile is
required to start the calculation.

Falkner's method is based on the idea that circular ares passing
through successgive sets of three points can be used to approximate the
proiile. The profile lengths are taken Lo be equal to the summation of the
circular arc lengths. Fignre 4-5 facilitates the calculations. In the fol-
lowing steps gll dietances are patios of the chopd length L.
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Btep 1. Let thres successive points be (xb,yo); (xl,yl); and (Xz,ya)'
See the upper right-hand corner of Fig. L-5. Calculate lel = X = Xy

Axy = x, = x)y Dy) Byy -y, and Ay, =y, - 30

Step 2. Caloulate the ratdo,

r _ radius of arc
chora of &arc

[eam? s (v’ [tanp? + any?”
i 2|Ax1-Ay2-Ax-Ayli

Step 3. Emering Flg. o5 with ‘bhe ratio found in Step 2 find a/b, the
5 ratio of the circular arc length 012 to the chord 02 of the arc.

(b-27)

SteE‘L. Galculaﬁe b, theuchord of the arc.‘
[(Axl + Ax + (Ayl + Ayz) ] o (L~18)
This is the rectilinear distance frcm Point .0 ‘to Foint 2,

'"Steg '. - Multiply the results of Steps 3 and- h to obtain &, the circular
arc 1ength frcm Foint O to Point 2. : ‘

teg 6" " Repeat Steps 1405 using the next three points.' (42,y2), (x3,y3),
and (xh,yh) And 50 i‘or'bh. :

‘St E . The sum of the ats ds approxJ.mately Z As Any profile
_ distance s can then be found from a graph of 8 plotted against the
‘chordwise distance x.

L-5 E?aluétion of the Coefficients of Heat Transfer on the Exterior Surface
of an Airfoil

In the following presentation all distances s are measured along the

prcfile from the geometric leading edge (point of intersection of the chord
line and the profile). The equationg are based upon the assumptions that
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‘where N, £ N,

the surface temperature T_ is uniiform and that the flow is inpompressible.

s
Unless otherwise stated, fluld properties are evaluated at the temperature,

= (g + t,)/2 (L4-19)

Finally, no distinctioca is made between the coefficients of heat transfer
on'dry and wet surfaces, and the influence of the presence of moisture,
which has little effectvén most alr properties, is neglected. Deviations

,1zfrom some of thgse restrictions are conéidered in Sections l=~9 and ~12.

Two methods of calculmting the coeffiéient of heat traﬂsfer are pre~
seﬁtedz:;thebﬂflat platet approximation and the "wedge flow" approximation.
The léttér appears té be genérally more accurate but reqﬁiras mdre‘time.
For ‘thin airfoils, results from the flat plate approx1mat10n appear to bs

»satiafactory.

L6 TFlat Plate Appreyimation
First approximatims, which may he sufficiehtly accurate for most pur-
poses, can be easily obtained by replacing -the leadlng edge with a cylinder

~and the afterbody with a flat plate (Ref. 15 and 89), The best accuracy

appears to be cbtaired for full-scala, thin airfoils in. high-speed ilow

,wi+h long hea+ed 1enpths.

‘b-é.ll : Heat Transfer from t\e Leadi ng Edge Regio

Meaaurements of the local coefficient at angle ¢ » from the

" point of stagnation on a heated cylinder (Ref._llS) have been represented
by means of the equation,

N ,_111!N°5 B (-!f-"a\ | (L-20)

v, = hD he,D = §, and O0€ ¢ #£90°. In applicaticn to

an airfoil, the leading aedge having radiug of curvature I/2 is replaced
by the cylinder of diameter D. Customarily, this diameter is exprsssed
as thy ratic D/L where L is the cherd length. Also,
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50 5
$=5 (+2)
Flacing Np. = 0.71, eliminating ¢ frow Eq. L-20 and ~21, and intro~
ducing the chord length L instead of the leading edge diameter, as

characteristic length in the Nusselt and Reynolds numbers,

O 5 L
‘NNu-’L 1,00 N G( 7 (L-22)
where NRe,L = UL e//u. and 'bhesfactor
G(L’ Ly= [(5) = 2,06 (ﬁ) (r)j:I (L~23)

.y be evaluated by means of Figa !3-6. In this chiart the leading edge

radius, expressed asg per cent of the chord length, rép’laces the parameter
L/D. The charts of Fig. A-L end -5 taken from Ref. 3-may be. found con-.
venisnt to caleulate the. Reynolds tumber NRe 2T L?o/ Moot when the Mach
number M 1is known, Also, the charis of Fig. L-7 and -8 can be. used
for 15°F icing atmogphere at 10 OOO and 20,000 £t pressure altituda, re-
spectively. After the Nusselt numbar hL/k has been calculated, the co-
sfficient h may be found for 15°F atmoaphere (k = 0,01352 B/hr £t F),
using Fig. L~9.

'The product of the powers of the fluid properties in Eq. L-22,
excluding the density, has been expreséed as s function of the temperature

_ T_f with the reault that it may be written in the dlmens.nonal form,

h =~o.185 T ( °e> G(i-,-ﬁ) . (h—el‘,)

where [h] = B/hr £42 7; [Uo:[ = ft/se0; EVJ = 1n/r63; [L] = ft; and

[Te] = "R. Based on the therml properties of air in Table A-2, Eq. L-2L
repreoents Eq. L-22 within + 1 per cent in the range of tewperature from
0 to 1LO°F,

L=6,2 Heat Transfer from the After Region -~ Laminar -Regime
In the simplified treatment (Ref. 89) the airfoil shape downstream
of the cylindrical part is treated as a flat plate. Whereas the velocity
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- -Accordingly, on an sirfoil

' been obtained T

outelde the boundary layer is uniform on a flat plate, it is variable on
the airfoil, In the present and the next sactions, caleuvladions are made
under the assumption that the local hest transfer coefficient at distance
8, where the locel velocity outside the boundary layer on the airfoil is
Uys equals the local heat transfer coefficlent at distance s from the
leading edge of a flat plate in & uniform stream of velocity Ul'

In the lominar regime the local coefficlent of heat transfer on
a f‘lat plate in a uniform stream of velocity U1 is given by

| 0,5
h’ff = 0332 ) « ( BP\ ' (l-25)

/ .

| o -
’L-ozaér« \/fr ‘/f O e8)

Slmilarly, a8 with Bq. h—22 and -2!4, the following dimensional equation hes

h= o‘..o53o Tg’s <-§£> o (I;-) S (l-27)

‘h-6.3, ‘Heat Transfer from the After Region ~- Turbulent Reg

In the turbulent negime the local coefficient of heat transfer

;.‘ on & flat plate 1n a uniform sbream oi‘ velocity U is given bys

1.
U sp ) . .
: .';_3 = 0,0296 1\(%3 /“(> o (L~28)

Even though the’ turbulent boundary laysr is preceded by & laminar boundary

"-layer, the distance s is measured from the leading edge; this is in ac-
“cordance with Prandtl's assumptiori 1regarding-the intluence of transition

on the turbulent boundary layer. It follows thq.t on au airfoll
0'8 O 2

U
Ny 1, = 04026k Toe’y (,11 ) @ (L=29)

And egain in the dimensional form,
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1.0 \2¢ _ o0,2
h= 0.711 T252h7(£§%§;> ) (L-30)

L=7 Evaluation of Local Coefficients of Laminar Heat Transfer by means

of Wedge Fiow Approximations

Another method to cslculate local coefficients of heat trsnsfer in
the entire laminer regime (including both the leading-edge rsgion and the
laminar region beyond) 15 based on go-called wedge flow approximetions.

. Predicted results sre rebortediy‘in better agreement with exact sclutions.

and with experiments than are the flet plate solutions, particulardy with
regard to thick airfolls. This mthod has the disadvantage of requiring

~guxiliary calculations and, therefore, should be used only when it is re-
quired to have accuracy greater than that provided by the flat plate so-

lutions presented above.

The flow outsids the bo'mde.ry 1a.yer on 8 weulge ney be mpm snted by
"en equation of the typse, :

| | U Up=¢C “g® : (lt-31)
where .m 1s a constant known as the Enler number H i*t. dapends upon the

angle included by the wedge. The quanbity C 1is, glso, a consta.nt but~
doey not enter the calculations. e

Bounda.ry—le.yer calculat.ions for wedges nre exact. The idea of the
wadge flow approximative celoulations is to replace the flow at each point
on. the airfoil wi‘t.h Y corresponding exact solut:Lon on t’ma ﬂedge.

'l'ha first step is to determlne 5 value of m . for each point where

“he coeffiaient is desired. Enployinp By. h-31 and expressing m in terms

of Uy and du,/ds,

(Lw32)
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Accordingly, Ul/U° should be found as & function of 8/L; the differentia~
tion can be performed graphically or numerically.

The second step is to evaluate the quantity,

R he
‘ k

\/"}""” =

by means of the chart (Ref. 20 and 4l) in Fig. h—lO. The local coefficient
can then be calculated» It may be noted that the conductivity and dynamic,

(L=33)

. viscogity éré'evglpated at the surface temperatwre. But 1f the temperature
‘difference 1s small, the properties of the free stream may be used. Further;

if the speed is moderate, the ratio fs/e ez 1,

“For a circular cylinder thia method v1elds coefflcients which are
within 15 per cent of expgrimental values. Greater accuracy is claimed for
streamline bodies (Ref. L1). ' '

" A so=c&lled Meguivalent wedge-type f1ow" method has been brought %0

. a convenient form for,talculaﬁions (Ref. Ll). A medification of the wedge~ .

type solution, it accounts in an approximate way for the previous history

of the boundary layer. It gives higher accuracy for more shapes than the

simpler @heory. However, each calculatidn requires the solution of a dife

_ ferential équatipn by a combination of ehafts and g}aphical.constrﬁctions.

-8 Influenee of Temparature of the Alr on Coefficients of Heat, Transfer

' Theoretically, thérmal conductivity and viscosity ghould he evalua®

at the surface temperature. However; this procedure has not always givsn
the best posaible vorrelations of eiperimental resulte. The main rule re-
gérding fluid propertiés is to evalvate them at the temperature recommended‘
for the particular theoretical or empirical equation being employed.

The influence of the alr temperature on the coefficient of heat trans-
fer, insofar as the fluld properties are affected by tempsrature, is
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relatively small in the present application. One reason is that within the
range of temperature differsences ensountered in the present application,
the fluid properties change relatively little.

Another reason is that ithe coefficient depends upon the fluid proper—
ties in a self-compensating mamner. For example, in Eq. L-2l, since the
density varies inversely with the absolute terperature Tf, the cosfficient
of heat transfer is virtually independent of the temperature. This is fur-
ther éxénpiified by Eq. L-27, :

Equation L=30 s which is applicable to the turbulent boundary layer,
shows by 1ike reasmmng ‘that the coefficient of heat transfer varies in-

'versely ‘Wwith the aquare root of the tenperature. In anextreme case, if
. the éurface temperature were 160°F end the main air temperature O'F, the

arithpetic mean absolute ’r,e-r-era'ture would be sl0* R. Evaluating the fluid

properties at the” free s‘b‘t'eam air. 'benperature instead of the mean tempera-
. ture, therefore P muld give a value of the coefficient 6 per cent higher

than ﬁhe correctly ca.lcu’lated velue,  In most pro.ctical cases the difference

‘l»would be much less,

Accov'dingly, for esse of calculation it is recommended that properties
of the free stream be enployed in evaluation of the coeffic.:.ent of ‘heat

-transfer. From the pract:.cal viewpcint. of carrying ocut the ca.lculatn.ons,

this means that. in Eq. 4=26 and =29, N lRe .1 (based on fluid properties evalu~
ated at tenperature tf) may be reple.ced by NRs (besed on-fluid pz'opertles ’

evaluated at terrperature t, ), For %, = 15°F, NRe my be obteined from

Fige =7 and -8 at 10 000 and 20,000 ft pressure altitude, respuutively.
When a second appro:d.mation is z'equired, or when surface tanperatures are
quite high, the meen tanperature bf of the first approximation (dca.lt
with in Chapter q) should suffice to evaluate the fluid properties. Alter-
natively, by mk’ing reasonable estimates of the surface tenperature and

‘ uvaraging this with the ambient plus 85 per cen% of ram rise, the experienced

designer cen deter mine a temperature which will give values of the fluid
properties that iie within 1 to 2 per cent of those computed using the actual
moan temperature.
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L4~9 Transition from the Laminar to the Turbulent Boundary Layer on the
Exterior Surface
Accurate determination of the distribution of h along the exterior
surface requlres that the point of transition be evaluated. This point;

located at distance s from the leading edge; marks the end of the

léminar_boundary layerf:r There the boundary layer begins to grow rapidly
and to become turbulent. As a result the coefficient of heat transfer in-
creases very much. The growth may occur in a very short distance; in
which case the transition i1s virtually abrupt. Or it may oceur alpng a
considerable distance before the boundary-layer turbulence becomes fully.

developad., This lnterval of length is aometimel called the region of

' transition.7 In this region the transition point is probably non-etationary.

The point of transition is allied to the stability of the 1aminar ‘

boundary layer. The changing of factors which contribute to upset the

laminar qualities moves the point of transition upstream. Gazley (Ref. Lh)
has admirably summarizsd this subject. ' ‘

) ]
On a flal plate high velocities, chwhnesa heated areas, avaporation,
and external disturbances reduce Sy pe In addition, on an airfoil, ascend-

ing pressures .reduce. Sy pe Hence, a symmetrical airfoil at finite angle

.of attack or a cambered airfoll will have & shcrten;laminar‘bqﬁndary layer
‘on the upper surface than on the lower surface. The disturbing effects of
‘turbulence in the main stream of & wind. tunnel or of impinging water drop-

lets move the oint of transﬁtton forward, A major differencq between
full-secale flight and wind-tunnel quel sxperiments is that- the region of

»transitioh in full-scale flight islrglatiyely'short. However, whereas

abrupt transition on a full-scale heated airfoil seems to occur in clear
air during free flight, a region of trahsition'appéars]to occur in iecing
conditions.

A quanlitstive evaluation of all these factors is not possible. Tribus
snd Tessman (Ref. 127, p. 119) have performed calculations to learn the in-

fluence of the nature of the houndary layer. If the surface is completsly wet,
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meerteinty of the distance By v4ll not effect the final deeign in a seri-
ous way; but, of course, the correct valus should be used when it is known.
To quote Tribus (Baf. 124, p. VI-14):

*The reason...is that for a given airflow and alr tepperature
inside the wing, an increased exterior [coefficient of heat trans-
rer] results in a Jower wing surface termperaturas, thus incrsasing

. the effectiveness with which the heat supply from the heaters my
be used. The exponential variation of the vapor pressure with tem
persture tends to stabilize the evapoietive system. A large [coef-
i‘icient] combined with & lowsvapor-pressure difference my eveporate

.28 much water as & 1ow coefficlent | combined with a high vapore

pregsure differencs. zize of alr ducting and heaters may well
be the sams in the tm casesa, though the detailed behewior (surface
tenperaturee, air outlet teuperntu.rea) my be radically different."

. Further, in Ref. 89 it is shown that at high speeds.the location of

the point of transition has relatively small influence on the mean coeffici- ‘

-ent, of hent ’ora.nsfer, ppriloularly if- the heated surface is quite long.

_ _S:l.nce the i ximum average coefficlient oceurs ‘when the point of transition
is close to the leadingl adge it would ssem that the design shoz..ld be carriad
‘out for this poaition of the trmition. In fact, in a preliminery calcula-
't:!.on the .er_rt.ire boundary layer nﬁ.ght ‘be taken as turbulent.

..Neel (Ref. 98) remmrks that . 8,, &nd the ex'bent of the region of

" trensition is the mst uncertain factor influencing the convective heat

tnnafer. A limited amount of data indicates that t.he tra.nai'bion sterts
at the end of the ares of inpingennn‘b (Ref, 45 and 993 slso, gee the next
section), This appears to be a good approximtion. Specifically, Neel

: Buggest.s ‘that the 'transi‘ti‘on i‘egion be assumed to extend chordwise along

i the surface for a distemce of about Ca75, LA and that s linsar variat.ion
of heat transfer coefficient with distance be taken,

L-10 Experimental Values of the Coafficient of Heat Tranefer ogﬁrroils

Most experiments on airfoils have been performed on models in wind
tuonnels, Results from such tests are influenced considerably by the ture
bulence levels The transition region my extend over a larger percautage
of the model than it would on a similar full-ascale airfecil in flight.
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I=10.1 Early Investigations

In Ref. 89 results of tests on four symmtrical models ranging
from 6 to 24 in, chord length ere swmmarized and compared with results pre-
dicted by means of Eq. L4~22, =26, and -29. In general, values of local co-
efficients predicted by the flat plate approximmtions are somewhat low along

the forward 30 per cent, particula.rly on the wper surface at finite angle

! iof at.tack.

Heet transfer inveétiggtions by the NACA on large-scale airfolls
are reported in Ref. 'l and 4O, Also, Tribus and Tessmsu (Ref, 127) and Hardy
(Ref. 5LY r‘eport on heat tmnsfer measurements made during £light tests.

o L=10e2 Recent NAGA Invest igation

" Gelder and Lewis (Ref. L5) compared wind-tunnel and flighb-test
retmlt.a under both dry and wet conditicns and with various distributions
of the heat supply. Their model was an NACA 65,2-016 at zero angle of at~
tack. The c}{ord length wes 8 ft. They found locel coefficiembs of heat
transfer, The flight—test data were teken from Ref. 99,

. The. transit-ion occurred at lcmer Reynolds nurber in the. wmd
tm.nal t wen in free flishu and its rangs on bhe surface was gresaler then in
free fllght s the transit:.on in clear atmospheric conditions being pfacziéal-
ly s.brupt. In most cases studied by the aﬁt.hors s the trensition of the lami-
ner heat transfer duxing feing conditions eppears to occur at the impingement

, limlt.. The water in the air reduced the trensition Beynolds number’l during

both ﬂight and wind~-tunnel tests. Also, the wet a:i.r conditions ei‘rected a
1ong trmaition range even in flight tests. For exmrple, in one of the
fiigh'b tests during icing weather, the transition region appeared o extend

in the range of local Reynolds nuzbers from sbout 3+10° to 3+10%, Fur-
* thery reau].ts from some wind-tunnel tests indicate that the nature of the

distribution of the surface temperaturs also affects the transition, for it
np,peo'.r‘a'thnt. a non-uniform distribution gives & longer reglon of trensition
tlien does a uniforam distributioct,

A véry small region of laminar heat transfer was found during
flight conditions. The coefficients were about 15 per cert higher then those
predicted by Eq. L-26. Somawhat better agreement appeared to occur during
icing conditions. During the wind-tunnel tests, in a region of local Reynolds
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number usually considered to be laminar, coefficients were at leest 75 per
cent higher and usually nearly 100 per cent higher than the values predicted
by Eq. U~26. Turbulent heat transfer coefficiemts .. flight were usually
about 5 to 1K per cent higher than the wvalues predicted by Eq. L~29, depend-
ing wpon icing and flight conditions. In general, the flat-plate approxi-
matlions give low velues according to the studies by Celder and Lewls. This
ig not unusuel since the theory is not strictly applicabtle to the curved sur-
faced. Further, the theory is for an serodynamically smboth surface, and it
is known that wing surfaces normally have ndnoi imperfecticns that cause
deviations from ideal conditions. .

b=1Q43 - Reuonmandations regarding Modificetiong of Equations used to
. ‘predict Heat Transfer coefflcientq )

- The experimental evidence availabis so far has been obtained by
sﬁrnnunting nunerous difficulties, Uncertainti¢s in the ‘rhasurements have
occurrad, and additional experimentation is needed. The 1nf1uence of none
uniforndty of surface temperature has not always been aocounted fors ‘There~

:“forg, the following regcommendationQ are made with a reServation pendlng fur-

ther'experinental checks. It appears from the o?nerimnn and from the cal~

ey 4

culations porforﬂsd 80 far that for airf01lu, the laminar and turbulent heat

: transfur coeff;c*enta caleulated by mans of flat plate equations should be .
: increaaed about 10 per cente Then the equntions for lanﬁnar heat transfer
" on wings become '

or ‘ , .
Ch= .058h T 0.5 (-—f-) .  (L=27a)
And for turbulent heat transfer they become
0.8
U y Ua2
Nyy,1, = 0529 N°°8 53-) @) : (L-29a)
or
e 0.2
L] OOF. -] v
= 0.782 10547 (u0)° @) (L-308)

Nomographs for solving Eq. l=-27a and =30a eppesr on Fig. A-6 and =7 in the
appendix at the end of this report.
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form v;l;g 'ts,zf

L-11 Turbulent Heat Transfer with a Temperature Step
In light icing conditions, the size of the heated area may possibly

exceed the wetted area, In such a case the dry heated region will not
be coaled hy evaporation and a rather steep rise of surface temperature
may occur where the wetted asrea ends and the dry area begins, Neglecting
the influence of conductivity in the outer skin, which smooths out the
temperatﬁre distribution (Ref. 16), we may assume that the change is
abrupt. vThen we find that the coefficient of heat transfer may change
significantly where the discontinuity of the £awperature occurs, Since

. this will usuglly happen in the turbulent range, the influenpe on only
»turbulentjheat transfer is coﬁsidered. ’

~ One oﬁ the parﬂidular,solutions‘that Rubesin QRef\ 1l0) deals with
may be dealt with referring to the diagram of Fig..l-1l., From s =0 +to

.8 = 8y the surface tamperature1is _ts = ts;i’ whiéh is greater than the

air temperature t . For s - 8§y, the surface temperaturs has the uni-

o '0,2

. TEMPERATURE

" L ) . ‘82 [}
‘Z/?J//////‘// A SR A AR A AR S Sy SR ST SR AL A |

FIG. 4-1I STEPWISE TEMPERATURE DISTRIBUTION
ON A FLAT PLATE

The coefficient of heat transfer at any point is dencted by h(s,al).
The first gquantity in parentheses denotes the distance frem the leading edge
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0 the point in question and the second quantity the distance fiom the
leading edge to the position where the abrupt change of surface tempera~
ture ocewrs. Thus, h(s,0) denotes the voefficient of heat transfer for
a gurface of just one uniform tempereture, without a stepwise charnge. The
author shows that the local ccefficient in the range 8 8,5 18

o [1 n 39/k0~ =7/39

,)» | p e

‘ t - t -
il 'O 8,2
h({s,8,) = h(s,0){s3 -7 + 32
,3_1 ta,? = % "‘5,2 -

Rubesin glso presents an equation aﬂd graphe o determine an averaga
value of the coefficient in the range from 8y to 8pe These results can
be applied directly to an airfoil. Usually an iterative technique r.ll‘l
be necessary to find tha proper ‘Va.lue of 'bﬂ e

h—la Influence of Variable Surfece Tempere.ture on. the Goeff* clent of
Heat Transfer
It is highly improbable that the Suri'ace temperature oi‘ an airfoil
will be uniform, -ag- assumed in previous sections, Several analytical in-

‘vestigations, which are based on generalizations of the st epm.se distri-
butions deseribed in the preceding eection, have shown that non-uriformity
of the surface tenperature may sign:.ficantly influence bhe coefricient of
heat.transfer in both the laminar and turbulent regimes. Klein and "‘r:l,bus

 (Ref. 7h) review.and discuss ths subject of heat tranefer from the non=

" isothermal eurfacea in coneiderable detall and prosent a comprehensive
‘bibliography. “Also, Scesa and Levy (Ref. 112) give a method to calculate °
1aminar heat transfer coefficlients for wedge flows with arbitrary variatirans'

of the surface Lemperature.

Where the heat tranefer coaefficient is used to evaluste the distri~
bution of temperature on an eiri‘oii surface for design purposes, 1t seems

~ sdequate to employ the coefficients celculated in the preceding sections,

Howevery if further refinement will be required, an iterative procedure
in the:calculations will be needed; such a procsdure has not vet heen
well developeu.,
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L-15 Pate of Evaporation and a Coefficient of Mass Transfer

The evaporation from the surface of a heated, wet airfoll is a dif-
fusional process which ccouwrs within a thin boundary layor of air on the
surface of the airfoil. At any point of the interface between the water
film and the boundary layer the vapor on the surface is assumed to be in
equilibrium with the vra".;er..l Accordingly, the vapor pressurse st a point
on ths surface is the pressure of saturated steam cnrresponding to the
temperature of the waterz at that point. At the mdderite temperatures en-

countered in the present epplication, the concentration, or vapor density,
is proportional to the vapor pressurs.. The diffusional process occurs he-
cauge the concentration on the heatad, wet surface exceeds £he concentra=
tion anywhere else in the b0qndary layer, the vapor in the boundary layer
being convected away by’ the air.

" If the tempe*ature dist=ibutioh across tha’boundarj layer is uniform,

or nsarly uniform, a local coeffiuient of mass transfer may be defined by

the equatlon,

” m = D(f’v 8 ?v,l » (b=35)

where [m"] = 1b/hr £t2, [b] = ft/hr, and [P 7= lb/i‘b3 ' Subscript v

‘ia for the vapor, and subscripts s and 1 refer, respectively, to the
' vinterfaﬁe with the water film and the outer edge of the boundary layar.
}Equatzon thS is further discussed in Section 5-7. At present, orly the

evaluation of the coefficient b is of interest.

1 fact, there isa emall difference (Ref. 11L4).

2Throughout this manual it is assumed that the water film tempera-
ture, along any normal to the surface is uniforst. Therefore, this tem~
perafura is equal to the local skin temperatu;a &nd ig reterrsd to as
the surface temperature. The assumpiion is justified by the facts +hat
most, of the water film is thin, that it is well stirred where it is
thickest (in the area of impingement), and that the conductivity of watar
is fairly high.
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L=l Relationships betwesn Heat Transfer and Mass Transfer Coefficients
Like a coefficient of heat transfer, the coefficient of mass trans-

fer depends upon many factors. However, the amount of experimentation on
mess transfer coefficients is relatively mesger. Basic experiments on
evaporation from the surface of a body wlth internal heat sourcss seem to
have  bieen performbd only by Powell and QGriffith (Ref. 108). Basic experi-
ments ‘on evaporation in high-speed air sireams wers reported to be non-
existent as late as April, 1953 (Ref. 95). Recantly, Coles and Ruggeri'
.(Ref. 33) performad sublimation experiments using ice in high-speed streams.
An extensive bibliogrhphy with abstrasts or various asuects of this subject
appears in Ref, 6L, - '

Fortunately, the principle of similarity has provided useful relation-
ships between heat and mase transfer. Whils they still requirs further

.exparimental Verification, particularly for high—speed Ilaw, results of-
‘ thair application in the present design problem, as well as in’ others,
" have shown that these relationships héve considerable merit. They ire

nresented here in brief, additional information can be found in the works
of Mickley (Ref. 95), of Jakob (Ref. 63), and of Howarth (Ref. 62)»

‘h~1h,l ~The Stanton Numner and a Modified Stanton Number
Tha dimen81onleas group formed by - dividing the Nusselt number

by the product of the Raynolds and Prandtl numbers is called the Stanton
1

Né.t = U‘jé‘c" o '_ |  (-38)

This number is very often used to corralate cocefficients of heat transfer

as & function of the Reynolds and Prandtl numbers. For example, Eq. L~26
can be writter in the form,

1'I'his is the dimensionless cocfficlent employed in the present appli-
cation by Hardy (Ref. SL) and others. Hardy denotes it by ky -
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0.5 _2/3‘ s-o‘s‘ Uy .
,Nst= 0.332 N Re.L ° Np. <'i) -ﬁ:) (L=37)

A similar dimensiocnless group,; which so far has no shandard name,
arises in mass transfer problems. In this manuel it will be called the
modified Stanton number: :

= b ' o .
(NSt mod = v; ‘ ‘ (4-38)

=1k a2 Applieation of {he Principle of Sln: larity
© The principle of similarity, which is the root of all model’
experiments and gnalog techniques, simply expreesee the fact that cor- '
relations of experimental results of any two phenomena ynat can ts mathe—
ticslly described by the same differéntial equations with the same
boundary conditlons, colnclde in a system of corresponding coordinates.
Ih general, the differentiai squations descriptive cf heat and ¢f mass dif-
£u3101 differ considerably (Ref. 95); also, the houndary conditions are
eomewhat differents However, it happens that ‘when water evaporatee into
5~an air stream reletively simple expreeeione can be introduced as good »
approximatione to the trae variables. Further, the difference of ﬂnunaary
conditions is ineigniflcant in most caees, 50 that the prlnciple of simi-
larity may be empleyedo Experience so far has 1ndieated thq+ for practical
prurpoees in engineerin? the inexactness 1s nug¢‘gibly -small, and the two ’
: phenomena, namely, heat tranefer from a dry surface and evaporation of
-water, are treated as though they are phyeically similar prooesaee.

_ The importance of this is that the Stanton nﬂmber and modifiee|
Stanton number of two geometrically similar airfoils in physicallyisi@ilar
conditions of flow2
in the form,

have a simple relationship, which 1s expresgsed here

llf the quantity h/pe, in Eq. k=36 were replaced by a one-latter
symbol, say, a, the eimilgrgty would perhaps be more apparent.

2That is, the same airfoil shape, the csame angle of attack, the same
Reynolds number, and so forth.
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- N (L-39)

(Ngpdpoq = T * gy

where [ s a dimensionless quantity to be evaluated in the next two
sections. Further, it appears that since tempsratures and temperaturs
differences in the present application ars not excessively large, Eq. L~39
may be employed even though both heat and mass transfer cccur simultaneously

on one airfoil.

h:-lh.B Evaluation of I,

In accordance with the principle of similarity Eq. L-26 written

for evaporation becomes

where NSb’ the Schmidt numbar, replaces the Prandtl number.. Just as bhe
Frandtl nurber is the ratio of the kinematic visccasity to the thermsl dif-
fusivity (k/ec )s 8o the Schiidt number is the ratio of the kinematic vis=

‘b cosity to the mutual mechanical diffusivity D of water vapor in air. It
. follows from Eq, 4-37, -39, and ~L0. that '

1a . Nsc “ | —_— : ) ma) |

‘ .Now, NPr = 0,71; the value of N ‘ ‘usually employed is 0, 66, whicn sedns
- to be ‘based on & value of D given by the International Critical Tablas,

and this value seems to be .due to-Mache (Rs:f.‘. 84). It follows from Eq. L=l
that I, = l.2. Jakob (Ref. 634 p» 591) gives 1.06, and Hausen (Ref. 5L,
be 422) gives 1,0k for tha velue of Iyt o

However, more recent experiment- on the diffusivity of water
vapor in air were porformed by Schirmer (Ref. 11L) and Surmerhays (Ref. 122).
Their vaiuaa, found in quite dissimilar ways, are in gocd agreement with
each other and are higher than the values of Mache. Schirmer correlated

his results by means of the equation,

1.81
D = 0.865 (222)( ;%) (k-b2)
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where [D7] = ££2/hr; [p] = in.-mercury; and [T]= "R. The pressure p

is the total pressure of the mixture of air and water vapor. When the
diffusivity is calculated according to Eq. L~L2 and the kinematic vis-
cosity is taken from Table A~2, the value of the Schmidt number ( v/D)

is found to be 0.525, independent of the pressure and virtually constant
in the range of temperature from 32 to 1LO°F. Substituting this value of
the Schmidt number into Eq. 4=L8, we find that Iy m = 1422, & value con-
slderably higher than any of the above-menticned values. Obvicusly, further
checks on the relationships of heat transfer on wet and dry su.rfaces s in-
cluding experlmentatlon on the dixfusiv1ty of water vapor, are needed.

At the present time a compromise value is recommendedc Ilam = 1l,1.

Hence, from Eq. 4=39 and the definitions of the Stanton niumber and the
‘modified Stantor number, )

hla.m |
e

‘where ebp is the average heat capacity of the air perJunit volume,

b -L.l | (h‘“lﬂ)

h-lh.k Evaluation of I, .

_ In the turbulant boundary layer, nnlike the laminar boundary
layer, the ratio (NSt)mod/N“t ‘depends sllghtly on the Reynolds" ‘number.
Callaghan (Ref. 29) recently studied the turbulent boundary on a flat
plate in an approximative way, using & modification of the Prandtl con=
cqption of the turbulent boundary 1ayer. He concluded that in a wide
range of Reynolds numba_s, Itﬁrb decreases somewhat as ‘the Reynolds nume~.

‘ber increases. Based ¢n Ns = 0,60, the quantity *turb has the approxi-

) mate -average value 1 .05,

Had: he employed Ns = 0,525, he would have fourd that Iturb

s gbout  1.08. Further, if he had employed the Kirmén analogy instead

of the Prandtl analogy, he would have found values of It b betwean

1.00 and 1,03, depending upon the Reynnlds and the Schmidt numberl.
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Goles and Ruggeri (Ref. 32), experimenting with ice dspcsited by
condensation on a flat plate in a high-speed wind ﬁunnel, also found that

I
“turb
They found no influence of the “ach number up to hdo = l.3. Thelr average

{for sublimation) decreases slipghtly as the Reynolds number increases.

valus of was - 0,90, However, the surfaces were ruugh and the ab-

Iturb

solute values of NSt and (NSt) were considerably higher than the pre-

. mod.
dicted values for smooth surfaces.

Spielman and Jakob (Ref. }21) performed evaporation experiments
with porous stonds arranged as a flat plate. If, as the authors remark in

the closure of their discussion Ny, = 1.26 .u(NNu)mod and their correlation
is-modified g6 that Ng, = 0. 525 dinstead of 0.59, the value obtalned for
I is 0.9u. Again,‘the heat transfer coefflcients were considerably o

“turb
higher tYar those expected on a gmaoth surface, and the roughness of the

stones w2y have had an influence ‘on the results. Maisel and Sherwood
(Ref. B7) obtained simila% experimental results in the same way.

In view of the seml-emgirlcal natura of the Prandtl and Karman
analog;es, they cannot be expected to distinguish between a few per cent
in the value of It b The experimentallv determifed values of Iturb
on flat plafes have been obtained with cowaider&ble difficulty, and thon
only for apparent]y rough surfaees. Further, *nformatxon ig lacking
about the influenrea of pressure and temperature gradiants. For these
_ easons it is recommended that for an airfoil - Itu b - be faken equal to:
1.0 until more accurate kndwledge is'obtained. It follows that -

"p, =1.0

turb B ‘ .
et = f B (l=ls)

)
This is the so-called Lewis relagionship.

h—lS Evaluatlon of Mean Coafficients of Heat Transfer h
Poiniwisa calculatxond require much time. Often it is sufficient to
find approximate mean values of the surface temperature and the heat load.

Mean coefficlents of heat transfer are needed for such calculations.
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Whenever it i1s posaible to use an equation of the typical form,
h=¢Csg" (L-15)
for local coefticisnts, the mean coefficient of heat transfer along the

length s, denoted by FH(s), is related to the local coefficient h at
the point distance s from ths leading edge by

, | |
R(s) = 2 ] hds = s o (16)
S |

Equations 26 and =29 would have the form of the typical Eq. L-LS if Uy
*were uniform. It is recommended (Ref. 89) that U, be replaced with the
mean.velqcity' U¢ glven by Ba. L~7. IThe;numerical_coefficients of

. Eq, L=25to ~-30 can.then be replaced with/values déetermined by Eqs L=4b.
Thes?balternate numerical coefficients are glven in Table L-1.

“fable L1  NVMERICAL COBFFICIENTS TO CALCULATE.
' MEAN COEFFICIENTS CF HEAT TRANSFER -

“Equation Ne. . Coefficient . -
=25 ST 0.6k
=26 S A 1 £
w27 0,106
L-28 . ' 0.037
L=29 : 0,033

130 : 0.890

By direct integration of Eq. L-46, taking h from BEg. L~22, the
mqﬁn value E(sc) on the leading edge is given by the same expression as
Eq. U~22 with the exception that the coefficient 2,06 changes to 0.515
and g goes to 8,9 subscript c¢ referring to the profile digtance treated
as a cylinder. The distarce 8, O ac/L, way be determined by the inter-
saction of Eq. U-22 and -26 in the N , s/l-plane or of Eq. l-2l ana ~27
in the h, s/L-plans.
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In general, the mean coefficient on the surfacs extending from s = ]
to s=8, {8
J
_ s,h(s,) - s.k(s,)
R(s, ) = Al—dt 1 (4-Li7)
13 g -8
3 i
Tor example, assuming an abrupt transition at distance 8y p the mean co~

-efficient on the huated length 8y is

B(sy) = {scﬁ(sc) + [strsm(sw) 8 Py oo, ):]
* [SHEturb(HH) - atrﬁturbtstr)J.}EE (L-L8)

where subscripts ®lam" ‘and "ourb" mean that the expressions for the
lamunar and turbulent boundary layers, respectively, ghould be employed.

A gimilar expression can be written for a non-abrupt trangition, lt may -

happan that 8, is relatively short; then the first and third terms in

) »the bracee nay be neglected and the caleulations are further simplified.
'f Further, if’ s » ¢ ‘short. and' the. distance covered long, it will be satis-

factory to aseume that on¢y turbulenn ueet transfer’ occure.

of couree; if more eqcurete mean valuss are desired, Eq. L=22, -26}
and =29 or By. L~24, =27, end =30 could be plotted and integrated by any

~numerical or grephical procedure. Often it will be desirable to have a -
. plot of h versus s at hand; a planimeter may tﬁen-be found most cone .

venient.

4—16 Coefficients of Heat Transfer on Internal Surfacee of Ducts
In the next few sections the heat tranefer in eircular and non-circular

. ductd will be reviewed. Then some reeults of direct measuremente on double~

akin heaters will be discuseed.

;h—16q1 Circular Ducts - Fully Developed Turbulent Region

A large amount of experimental evidence shows that heat transfer
in the fully established turbulent region (N Re, g = 10,000; see Section
2~1.2) of long cireular ducts (I, d = 60) is v1rtua‘1y uniform and can
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te calculated by means of the egquation,

08 L O
NNu,Dd" 0.023 Nﬂe’”d Mo (L-15)

» = =
where Nyu,p, 2 hturbnd/k’ Nﬁeaﬂd = Ugbdép., and U is the mean velocity

in the condult. In this section the quantity hturb represents the in-

ternal heat transfer coefficlent in the reglon of fully developed turbulent

flow, subscript d refers to the duct, and Ld denotes the duct length.

; Brploying NPr = 0,71 aa an average value, E3. L~}9 becomes

u .8 | ‘
Mg,p, 7 OO < Melp o)

The‘infigence of the temperature through its effect on fluid
properties is emall. Usually sufficient accuracy will be cbtained if the

' fluid.propertiea';fe evaluated at the mean bulk temperature

R TR S A - Lo sy

If large temperat're differences are encountered and grester &ccurecy is

deﬁired,ﬁthe fluld propertiés.should be evaluatad at the mean fﬁlm tempera=

turg

nhera  ‘Eb © 1g the mean surface témpbrature., In this case it is alsc:

E necessaryltb en;loy the mean bulk velocity, which 1s the.mass velocity’

divided by the density at the mean bulk tempersture (Ref. 107).

" When the product of the powers of the ﬁroperties of air with

exception of the density in Eq, h-Sl arg expressed as a power function of
the absoluta temperature Ty the equation takes the dimensional form

P o n0e3 , 0.8, =0.2
Nyarp = 107 * Sl e 17+ d D, (L~53)
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Cby Bailey and Cope (Ref. §) in the . range of N

where G = Up = w/Ad; Ehturb] = B/hr £t2 F, ET‘:J = 8, [6] = 1o/t ftz,
and [p.] = £t.

L~16.2  Non-Circular Ducts — Fully Developed Turbulent Regime

The coefficlent of heat transfer for =lr flowing inside non-
circular ducts in the range of iully developed turbulence ("R JDe =10 000)
- .also, may be calculated with good approximation by means of Eq. L;—SO or -53.

I‘b is only necessary to replace Dd by the equlvalent diameter,

5 _ U x croms-gactional area -
De - S parimater ‘ (b-54)

for a flat. rectangular paasage (high aspect ratio) the equivalent diame’,er
is ‘practically twice the length of the shorter slde. In general, the
‘incsption of turbulence. in non-clreular ducts ocours at Reynolds numbers

' leas than 2300, :

Experiments by Washington end Marks (lief. “130) on heating air in
reetangular ducts are in good agreement with pretdicted values using the
equivalent diameter when NR 2,Da = 15, « However; for ducts of high
~ agpect ratio and N, ,Dq - 15,000, values predicted by Eq. L=55 are sub~’
-.a'bantially higher than Lheir experimental values. Kays (Ref. 69) per-

formed experiments heating air in ducts of aspect ratio 5.85. In the
. range of - Re D, from 3,000 to 10, 000 the experimental values lay 24 ver
- cent. ‘below ‘the values predicted by Eqe. L-50. Similar results were found
. Re,D " from 3,500 to
'27 000 with ducts of aspect ratioc ranging from 1-to 7.9.

. ) Drexel and McAdams (Ref. 38) corre1a1 ed results from the litéra-
: ture and found t‘mt thay deviated from the valies of Eq. #i~50 by + 10 per
cent when the coeft‘icient is changed to 0.021:

Pinkel (Ref. 107) reporta on numercus tests performed with
‘rectangular and triangular tubes. For Noe.p. = 10,000, Eq, L=L% is in
»Vsg
good agreement wi*h the expsrimental results.
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..~ lower than. the calcu.l.ated distributj ons, Vslues of C Tfor other shapes
 uay‘be found in Ref 19 and 91.. '

recounands e Coe -or

fer to & duct of uniform cross sectl>n and of uniform surface temerature

sts is _
q=h(wD L) (AL (L-57)
where ”
v : t . et ] -t (1) ~+%
(At = Crua = % - ! o o] (1-58)
In o S
1 -
a‘d

1-16,3  Average Internal Coefficients in Ducts
The duct length Ld hes an effect on the mean coefficient of heat

transfer because of the transition in the entrance region of the tube. The

local coefficient decreases in this region, approaching the uniform value
in the region of fully develgped turbulence. The nature of the flow in the
inlet depends upon the shape of the entrance, the Reynolds number NRe Dy’
and the tennerature distributions on the duct walls. Boelter, Young, and
Iverson {Ref . 19) parformed experlmentﬁ to determine the mean coefficients
of heat transfer in straight round tubes with various inlet conditions.
Their results in the renge of Reynolds numbers from 26,000 to 56,000 and
for ratio Ld/Dd:5'10 my be represented by an equation of the type, {

e (140 L::) (1-55)

wherﬁ h iz the integrated mean coefficient with respect to the length,
tur is the ooef’icien* in the fully developed turbulent region, and c
18 a constant depending on the shepe of the entrance, For a straight heated

tube ‘preceded by & bell mouth; C = 0,7, If the bell mouth is replaced by

an unheated 90° bend, C = 7.0, It'shdhld be noted that duéts in airéraft

are aeldom Sm alght; neglect of thils e;i‘ect '.'LS“ undoubtadly one of the reasons
why measured distributions. of duct air tenberature have boer consistently

For & sharpmedge entry, and. Reynolds nunber above 10 000 MbAdams

e }
"'h . h ’1+(D):] E C (1-56)
Lo/

turb
L

TheSE mean ooefflcients of heat transfer should be enployed with
thellqgarithmic mean pgmpgrature difference. Thus, the rate c¢f heat trens-
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and the quantity t,, 45 the air temperature at the irlet while t, (L,)

18 the air temperature at the ond cf tha duct of length L 4

L1644 Heat Transfer in the Transition and Leminar Ranges

¥cAdame {Ref, 91) presents hest transfer data in the trensition
range for air flowing in round ducts. It will be noteced that when
Ly/Dy = 5+ the transition i very gradual.  But when L d/Dd = 60 the tran-
gition 18 rather abrupt. The dip in the corrglation is less extreme for

rectangular ducts (Ref. 38); also, the inception of turbulence cccurs ot o
lower Reynolds number, ’ ‘ .

At very low Reynolds nunbers the flow in a duct my be laminar.

For a-general discussion of this subject the reader may consult. Iief. 63 -
. and 91, 'This type of flow could possibly occur in ex‘cramely fine double-
~ gkin passages. However s all known test deta on doub‘Le-skin heat: gxchangers

indicate that w-ithin the practical 11rni'bs of ‘the a.pplication the flow becomeé
turbulen‘b wi*bhin a relative.l.y short distance from 'ohe inlet to the passagaw&ya.

. Lm17 Double-Skin Heat Excha.ng

The hot eir in the paasages is in contact w:i.th only a part of the metal

‘conprising the outer skin, The adjacent barts where the inper and outer
.s}cina are fastened receive heat by eonduction from both the inner and outer
" skins, If t.he bond bétween the two skins has low ‘thermal reaistance; as

should be 'H'e aase, the inner skin serves as an exterided surface like & fin

) md. contributes to heating the ou‘oer surface,

Also, 5.1" the bond is good, some heat is tra.nsi‘erred from the a:l.r in .
the - di,s‘hribution duct. If this heat transfer rate is high, it will be ef-

_fect-ive in keeping the outside surface warm. However, unless a separate

supply duct 1s used,‘ the air temperature may be reduced so that by the time
the air reaches the tips of the wing its effectiveness in passing through

the double-skin passages will be inadequate +o prevent icing.

In discuséing the heat transfer to the outer skin, an e ffective co-
efficient L hesed on the following equation will be employed:

g =h (6 - t) (L-59)

where q" 1s the rate of heat transfer per unit area of the outer skin, ta
18 the local temperature of the air inside the double-skin passeges, snd
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. Johnson, . end Sandera (Ref. 16).found 8 similar result for the passages shown

"sort of results was reported for several coniigurations tested by Boelter,
‘ Young, and Ivarsan (Ref. 19). S ; G ‘ |
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4, 1s the lecal surface tamperwture. Thus, he is a coefficient based on

8 .
unit sres of the outer skin and includes all the effects of conduction through

the metal skins and their Joints. The true local coefficient of heat transter
inside the double skin based on unit surface area of the corrugated wells
Will be denotad by ha'

. In the next two sections, the actual coefficient of heat transfer ha
and the coefficient hd inside the distribution duct are discussed., In fol~
lowing sections relationships between h, end he are developed, bacause
he_‘rather than ha is needed in many of the subsequent calculations,

L~18 Evalustion of the Actual Coefficient h, in Double-Skin Passages

Double~skin pessages are non-circular and may be treated as outlinéd
iz Section L4-16.2 The critical Reynolds number is reported (Ref'. 16) to be
less than 2000, even as low ag 1300 in tvapezoidal passages (Ref. 18} and

. 1000. in passagea of the type shown in Fig. L»E(g) (Ref. 127) These low

criticaJ values are probably ‘due to the shapés of the paasages and the
rough, or sharp~edge, construction of their. entrances. '

_ Haray and Mbrris (Ref. 55) perforned experiments on the,type of paa-‘
sages shom in Fig. 1~2(f) They found that local coefficlents of heat

”transfer decr@ase in the directlon of the flow, approaching Y constant value

at & ﬂistance of about 25 equivalenb diaasters from the inlet. Boelter,

in Fig. 1-2(e). when the entrance to the passages was streamlined. The same

» Hardy and Morris, coxrelated their data in two purts, the entrance region
and the fully develcped turbulent region. ‘The correlations are, respecuive1y3

Dy ' 0,0, g 02 0.331 0.7 ~0.3 |
"k‘"‘ = 0,152 </uf (ﬁ_) 3 by =0.782 T 0T 570 (160, -60a)
8 R :
and g _
0
8aa _ 8 e . 0,262 0.8 =0,2
—E}- = 0.025 ( /M—r> H h = 0061)-8 T G& De (h""61, -"61&)

were [0,] = 1b/sec £t° and [§]=[D,] = ft. Charts for the solution of
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these equations appear on Fig. A-8 and =9 in the appendix. It my be nobiced
that the coefficient in Eq. L—6l 1s 25 per cent higher than the cuvefficlent
in Eq. L=50. A reason for this difference may lie in the authors! analysis
(Section 11-20.2) of the effect of the conduction in the inner skin and of

the contact resistance betwsen the two skins. The results reported by other
investigators (Ref. 16 snd 127), fall within about 15 per cent of the cor-

relations by Hardy and Morris., Neel {Ref. 98) recommends that Eq. L~60 and

=61 be employed where data on shapes other than that of Fig. 1-2(f) are un~
available. .

It mey ve sssumed, without serious deviation from the value s = 25D
reported by Hardy and Mbrris, that fully established turbulence begins at
values of s/D determined by the intersection of the lines of constsnt
Reynolds number, aceording to Eq. L-60 and -61, a§ plotted in Figs L=12,

:The Intersection for different Reynqlds numbers is shown by the dotted line.

Basad on this assumption, the beginning of fully established turbulence  :

. movés,forwagd a8 the Reynolds number increasss. The;dhart may be found .con-
- venient to evaluste h . ' '

A compearative stady by direc‘ test of three kinds of doukle=skin heaters

" (Ref, 101), namely, the corrugated, spaced, and the dimpled typys shown in:

Fig, 1-3, indicate thwt the highest rete of heat transfer can bu obtqined

‘with the dlmp}ed type. At a glven rate of sir flow, the heat transfer for

the’ diupled skin was. 21,5 per cent higher than for the spaced type° at a
givnn prassure drop it was 12 per cent lesse

Finally, it should be remarked that tne heat trenafer lu Lhe dOuule-

gkin passages depends upon the curvature of the airfoil profile, the tempera-

pure‘distribut;on on the walls of the pasdages, and the shape of the inlet.
With the eiceptioh of the shape 6f ﬁﬁe inlét they seem to be of secondary
importance,_and satisfactory fésults are obtained even if one negiects then.
hecording to Ref, 16, & mjur effect of a 8 sharp-edged entrance is to increase
the heat t ansfer in the passages and to deluy the eatablishment of a fully
developed bturbulent ragion, that 13, to prevent the coefficient from attain~
ing & unifurm velus, Inspestion of Fig. L-12 indicates that the heat trans-
fer near the inlet is at least twlce that of the section where the noramsl
veloclty profile is established. In heat exchanger design turbulence
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inducers erv wsed bu minbuiu neat transfer coefficients equivalent to thosse
at the entrance throughout the passage. The dimpled skin mentioned above

is one epproasch to utilizing this phenomenon in doubla-skin passages., Greater
exploitation of turbulence inducers in double-skin psusages would appear

to be well werth while even though specific tests to determins the effective-
ness of the configuration would be required,

i~19 Heat Transfer Coefficlents in the Distribution Dust
The air in the distribution or D duct shown in Fig. 1-l loses heat

by conductinn through the false spar and the inner skin. Regarding the core
rugations, Neel (Ref, 98) recommends usiqg the followdng correlation which
is basaa ¢n the 1imuted data of Ref 55:
0.6 .

h D G,D
S22 0. < 4 e> v - (b62)

. -k I ‘
where D‘ is the equivelent diemster of the duct, In.the case of a smooth
inner skin using spacer strips (Fig. 1uz(c)) or a duct liner (Fig. 1—2(a))
Eq. L=50 my be employed, :

1=20 Relationship between the Actual Coefficient h, and the Effective

Coefficient By

As already menticned, on a*count of the spanwlise conduction in the
inner skin and the heat conveetion 1n the D' duct, tha effective coeffici-

‘ent he is different from ha' The general relationship ma¥y be ex@ressed
“by'un equation of the type

hy = F * h (L-63)

where F 1is a dimensionless factor which depends upon the geometry of
the.skins, the metal, the contact resistance, and the coefficients of heat
transfer on the axterior surface, inside the passages, and in the distri-
bution duct. In Ref. 124 and 127, it is assumed that the heat transfer
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area of the inside surface of the inner skin i3 practically as effective

838 the area of the outer skin in contact with the air in the passages, and
the authors take F = 2. The test data presented in Ref:. 127 correlate
closer with predicted values when allowance is mde for resistance to heat
flow in the inner skin. The more conservative valua of 1.5 was amployed
in Ref., 100 because it was found thst the bond betwsen the inner and outer
skin wes imperfect, To reduce the time of performing preliminary dasign
calculations, it is recommended that a constant value of 1.5 bs used.
Where more accurate values my be required, one of the following expressions
for F should be employed.

-14-20,1 Approximetions of h /h Bu‘sed‘ on Extended Surface Calculations

Jonas (Rei‘. 66) developed an approximative solution for F by
assuxlng that (1) the bond between the inner and outer skins is perfect,

(2) the duct side of the inner skin is perfectly insulated, end (3) heat

is conducted only spanwise in both the 1nner and outer skins, The first
aasunptiun is seldom. satisﬁed in practice. The second assunption ney
be made if the coefiicient h is smll with respect to h ‘or if an

_ 'insulating type duct liner is used. The third e.sau.nption is employed so
that the problem can be studied in two dimsnsions; ; but, in fact, Jo-ms
. uses a one-dimensional ansﬂ vsis. The results of his study 1ndicate that

for the types of comgations ordinarily employed y the outer-skin conduct:_l-on
and convection play a minor rcls in determining F.

In ‘the paragraphs thet follow an analysis similar to Jonas! work

.38 developed, It allows for an imperfect bond. Jonas! assumption that

the duct side of the inner skin is perfectly insulated is retained. Use

13 mede of his result that the heat transfer in and on the outer skin

plays a minor role, and it is assumed that the skin temperature is uniform
spariwlse, It should be observed, howsver, that as the therml resistance
of the bond increases; spanwise conduction in the outer skin becomes of

ineressing importence. The fcllowing theory fails completely if the Lond
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allows no heat to pass through it, and it may he suppeosed that the joints
will have been made with sufficient care so that their thermal resistance

wlll not be excessively high.

Figure 4-13 shows the cross sectlon of a rectangular corrugation
and the nomenclature that will bs employed. A trapezoldal or sinusoidal
corrugation can be analyzed with appropriate definitions of a and b.
-Since the duct side is insulgted, hy=0. The distance x_ is an equiva-
lent thickness of air representing the thermal resistance of the bond (see
Section L4=20.3). 4

In order to treat the corrugaﬁion as a one~dimensiénal fin, it is

imagined that the cuter skin is stretched and bent over as indicated by
the dotted line in Fige Lelli. Here, the inner skin is like an extended
surface betwaen o ‘heat sinks at eqaal Lemperature t . dowever, unlike
. a trus fin, the bond ig imperfect so that the temperature t, at the
root 1is greater than t ' |

It ie apparent in Plg. L=13 that the heat Yransferred per unit
arek of the outer surface is. ' '

s |
' =h, [(‘a - tg) §.+ B’%] L -(h-sh)_:

> N L
_where q, dengtes tha spanwisge hesat conduction on one ﬂorrugation, one
foot in length chcruwise; d

If the fin 4n Fig.'h-lh were at a uniform £emperature tes 1t
would receive heat at the.rate h (a + 2b)(t - t )+ However, some parts
~of the fin are at temperatures hlgher than t o? and 80 only a: fraotion of
thig heat is actually plcked up. This fraction, denoted by 1 and
called the fin effectiveness, may be evaluated by means of the equation
(Ref. 63, p. 235),
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(] 1’ i;a a b
tanh -g k':Y (Eﬂ 4+ 2 E-)

1 = (1-65)?
c ‘8,

b
\ey G+22

[+]

where kc is the thermal conductivity of the skin and Y its thickness.
Hence, ‘

= n°h (a + 21:)(1;a - (L=66)

by)
‘I’his heat must flow. through the thin air layer represenbing the
~thermal ras:.atance. Therefore,

k (e =~ a)

q = -5 uc-%>,v 3 '<mm1

whnre k ts the cnnduﬂivity of‘ tha air at an average tempsrature. Elimi-
nating 'b from Eqa h—éé and -67, '

b, -t
1 N 8
.qc = Xq 1l ‘()4"68 )
' k(- %) ' TE(a+25) ’

. aubsti'buting this expresston for q‘;: into Eq.“_ =61,

‘c ‘; ha‘xe ’ 1

’ a a b
k'a(l - E') YI.C'E + 2 E:" J

e, |B s e

" Comparing Eq. L-59, -63, and <69,

1
F=24 -. | (L~70)
c ha xa 1

CEE AR

Lthe function tanh x = (¥ - %)/ (e + & ¥). Its values can be
found in almost any engineering handbook or ordinary collection of mathe~
matical tables.
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If the bond 18 perfect, x =0 and
F=i+~¢+25 (71)
c 'l ) c

This equation is in good sgreement with Jonas! results eand is considersbly
sagier to vse. I the bond is a perfect insulator, 2= @ and Eq. =70
fails to apply because it neglects to account for the fin effect of the
outer skin., In this cese it eppears that if a2 0,7 ¢, the velue of F
is st least 1.0.

The above analysis can be extended to the case where the duot
slde of the inner skin is. unix’isulatedel However, the result is rather
clumsy to employ. The analysis cf Hardy and Morris.(Ref 55): presented
in the next section, accounts for the heat transfer from the air in the
dis‘c.ribution duct. in a sinpler though less accurate mnner.

)4...20.2 Aﬁproxiiuatiovns of "he/ha based on Uniform Tenperature of the

Hardv Band Morris (Ref. 55) found from thoir msesurements that
the differenve t wes virtually uniform for each rate of flow
pagsing through- t.he axperiment,al heat exchanger. They based their cal=-
culations on the assu:rptions t.hat. the iriner and outer skins reach uniferm
teﬂperatures ah awerage valuee 1:. and .t g respectively. It is "as
though they had asswed that. the conductivity of the skin in the spanwise
direction is infinitely great. Thus, with referﬁnce to Fig. k=13, they
come to the following four equa.tions:

The. heat transi‘errad dirsctly to the onter skin is

t,) % {L=72)

q{ = ha(ta

1Huuger (Ref. 56) has investipeted the uninsulated case using an
analog computer.

2It my be observed here as well as elsewhere that the thermal re~

sistance of the metal in the transverse direction is relatively small and
ie neglecued,

WADC TR 5L~313 209

2 !




T TS O BT R SR

FEPNTEE R TIT o i e P

T g

i
E.
I3

The heat transferved from the intsrlor of the passage to the inner skin is

ap=h(t, =~ t)E 22 (4=73)

The heat transferred from the distribution duct to the inner skin is
n . by,
a3 = hy(ty =~ £)0 + 275 =T
And the heat transferrsd through the bond between the two skins is
|! 1] k ' ) .
+qy = = (t - 1)1~ 2) _ - (L=78)
Each value of q" 1is based on.a square foot of the outside surface of the

wing. Similar equations can be written for other shapes of passages. In
this way four aquations are obtainad with the unknowns, ql’ qz, q3, and

_ 't « The first equation can be solved directly for q1 and, thereforae,
{, only,fhe lagt three need be solved simultaneously. The simplest procedurs

is to solve for t_ and then to evaluate q2 and q3 When Eqe L4-73,
=7h, and =75 are uolved for t the resuxt is '

. (1 - —) t + h (— +2 ) t + hl(l + 2 -) t _ A
b o= e S (le76)
' . a (1 - —) +h (a +2 —) + h (l +2 —)

?inally, the ratio F can ' be evaluated uging

@ty R
P= JLF(T?:T‘;. - _ (L=77)

a s s

1~20,3  Values of the Equivalent Air Thickness X

As alrendy suggested, ﬁhe contact resistaince of the bond between
the inner arid outer skins has come t0 be expressed in terms of the thick~
ness of an air film which would have the same thermal resistance as the
bond, assuming that the heat flows only by comduction through the film. In
general, x, depends on the design of the joints and the quality of the
worimanship

[\R]
far]
<
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Hauger (Ref. 56) performed interferometric tests on bonds betwesn
flat sheats of 0,051~in. dural and corrugated shests of 0,016~in. 2LST
aluminum. The equivalent air thicknesses which he measured ars given in

Table L-2.

Table L-2 EQUIVALENT AIR THICKNESS OF CONTACT RESISTANCES

Description of bond Equivalent air thickness,

xo (ir o)
1. Production rivetad using rivet gun,
rivets spaced 3 in, on center ’ 0.0127
2. Production riveted using rivet gun,
rivets spaced 1.5 in. on center 0.0058
" 3. Hand riveted, rivets spaced 3 in. on :
. center _ , 0.0072
k. 0ementad, using EPON VI adhesive oo . 0,00097
‘B, Spot weldad, using overlapping spots , ~0.00086

The test panel used by Hardy and Morris {Ref. 55) eonaisted of

two sheets of a 1@ght alloy fastened by erets. The authors found .values
' , 2

of. ka/xé varying from- L3 “to 69 B/hr £4° F. This variapign‘may be' dus
'pdrtly to the approximative nature of their analysis, partly to the varia~ -

tion of tha air flow through the gaps, . and partly to the overslmpllfication
of using an- Equlvalent air resistance. hnploying their average value,

‘namely, 55 B/nr £t F, the squivalent. air thickness would be about

.003)-1n., which is in fair agreement with Hauger's valuas.

A rscent invesiigation by Barzelay, Tong, and Hollo {Ref. 7) on
thermal conductance of various aircraft joints indicates that the c¢ontact
resistance in ény one of them caennot be simply represented by the con=
dustion across an air film. The reason is that the radiation, the metal~
to-metal conduction, and the air-film conduction are interdependent. In
particular, the radiation makes X, dependent on the temperaturc level in
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A manner which cannot be accounted for simply by the variation of ka with

temperatures

Accordingly, the values of X found in Ref. 55 and 56 should be
regarded as yuulitative, showlng the relative themal conductance of the
various joints. It is believed, however, that calculated results based on

those velusz ® 11 be satliafactory for tha presgant vurrose.

f L=-20.4 Recdmmepdations regarding'Eyaluation of the Ratio he/ha

-Thers is insufficient evidence to say which of the several sug-
gested methods 18 most accurate in evaluating the ratic F. It is believed

£hat hoth mathods deScribed will give results which are satisfactory. The

method by Hardv and Morris haa the advantage that it estimates the xate of
neat transferrad from the air in the distribution ducte

Some calculations were,carried out so that‘values of F could
hose employed by Jonas (Ref,

)
7
]
[#]
34

be compared, The basic duia wers Lhe same
665 Figa 2) H

. Temperature of exterior air i - 0°F
Local temperaturs of air in passages, tav : 350°F
Outer 'skin thickness o 0.0L0 in.

. Inner skin thickness, ¥ = - ‘ 04020 in.

- Outside local coefficient of heat'transfer, h . 15B/hr ft° F
Local coefficient of heat transfer inslde - : s
the passages; h, ‘ 6 R/hr £t° P
Conductivity of the metaly k, o : 120 B/hr £t F
Height of passages; b © 0,125 in,

In addition, the following Jdata were assumed:
Surface temperature, b, . ' 80*r
Local temperature of alr in the duct, t, L50*F
Coefficient of heat transfer in the duct, hy 3 B/hr £l F
Equivalent air thickness of contact resistancs, Xo 0006 in,
Conductivity of air at mean Lemperature of
Joint, kg 0.020 B/hr £t F
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Piteh of corrugaticns, ¢ 2.5 in.
Width of passage, a 2 in,

The results are presented in Table L-3.

Table L=3  COMPARISON OF VALUES OF THE RATIO F = hy/h,

Source of calculation Assumptions F
(1) Jonas! graph Perfect bond; spanwise nonductiom in 1.60
- (Ref. 66, Fig. 2) both skins; inner akin Lnaulated on
' duct sides, - .
(2) Eq. k=71 Perfect bond; spanwise conduction in 1,63

inner skin only; inner skin insulated
on duct side,-

(3) Eq. L-70 ' Imperfect bond; sparwisa conduction 1.43
: in inner skin only; inner skin in- -
sulated on duct side. R

(4)  Eq. W=77 “ Imperfect bond; heat transfer from 1.63
L thealr in the distribution duet,

" With regard to the firt:t and second results, the agreement is

"‘-;typica}. of the agreement, obtainecl using other practical values of a and
G 'ﬂ’iis avreement may passibly be fortuitous on aceount of the partioular
passage height and r'oefficients of heat transfer that have been chosen. '

The third re‘sult shows the influsnce of the imparifect bond.

It is undoubtedly circumstantial that the i‘oﬁrhh resuit, which
includes the influences of both the imperfect bond and the heat tranzfer
from the D duct, is in good agreement with the first and sedond and not
with the third result. Haﬁvever, even if the inflinance of tha heat trans-
fer from the D duct had been i.hcluded in the third calculation, the
value of F would have been increased from 1.L3 to 1l.46. Further, if
the coefficient h_ had been calculated using the conventional Eq. L-50
instead of Eq. L-61 based on the data of Hardy and Morris, the third re-
sult would havo bessn 1.9,
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It is obvious that since the method of Hardy and Morris neglects
the effect of finlte conductance of the inner skin, it will yield optimis-
tic results. Before using this method the designer should perform some
preliminary calculations to indicate the degree of optimism under conditions
existing in the particuler design and should apply & correction factor to

compensanta.

l~21 Heat Transfer on the Internal Stggnation,ﬁegion
The shape of the entrance to the double-skin passages has a signifi-

cant effect upon the heat trensfer at the internal stagnation region. Since
a preat variety of entrance shapes is possible, a systemtic investigation

on the effects of several shape paramiters is required. Only a relatively ‘ oo
small amount of information on this subject is in the literature and general~
ization of this information must await further experimentation. S

Tribus and Tasamari (Ref. 127) report on measuremernts of an averasge
coef{icient of heat transfer at the internal stagnation region preceding
the entrance to the passages shown in Fig. 1~2(g). The entrances had a

 pound s Wpe as shown in I_f‘iga 1-1 and were located about 3/8 in. from the

stagnétion lines; the flow was evenly divided between the upper and lewer

heat exchangers. A ratler small amount of data was obtained. The arith-

wetic man of the air send surface terperatures was about 1)46*F. * Introducing

the influence of the temperature on the basis ‘that the flow in the stag- _.
nation region 1s laminar and basing the correlation on half of the combined .‘

air vflow in 1b/hr ff-;span of both the upper end the lower heat exchengers,

the authors' correlation may be repre‘sented approximately by

55

h . = 0.069 TO¢° ('“.r)o' s.r
st 7" *f Va (L=78)

Further generalization is not possible at the present time.
RBoelter, Johnson, and Sanders (Ref., 16) measured average coefficlents
of heat transfer at the internal stagnatién reglon of the same type of

heat exchangers but with passages of the type shown in Fipg, 1~2(e). The
distance between the two lips of the rounded inlet was about 3/14 in, Ex-

perimental results may be represented by the equation
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0.¢ . 059
he, = 0411 Ty (w!) (L-79)

Removing the round lips and measuring the coefficient for the sharp edges,
which were spaced about 3/k in. apariy, the twthors obtained values 30 per
cent lower than the values given by Eq. L~79. However, the local coeffiel-
ent in the paésages with the‘sharp-edge inlets were about 10 per cent
higher then those in the passages with round-edge inieta.

On account of the limited sxperimental set-ups employed, these equations :

should be applied with caution to other than the cenfigurationa embraced by
the investigations.: ‘
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Chapter 5: MASS BALANCE OF WATER ON A HFATED AIRPOIL

G-, Effective Operation

4 thermal anti-icing system will be said to perform effectively when
the rate at which water accumulates on the surface by impingement is equal
to the rate at which the water leaves the surface by evaporation, no ice
baing present on the surface. This statemsnt is the basis for the mass
valaace developad in the present chapter.

The hest required to evaporate the water comes from the double=-skin
heaber and from serodynamic heating. This subject, the heat balance, is.
dsalt rlth in the next cha.pter.

. 85-2 Dry Anti-Icing

The area of impingemant i1s considered to be completely covered with
a film of water which usually is flowing af't at each point on the surface.
If the rate of haa‘bing is high tnd -the rete of impingement not too severs,
it mey happan that no water flows bey'md the area of impingement. Under
thesee copdit,iong; tha mti-itaing is said to be "dry", and & system designed

:for complete evaporation on the area of impingement i3 called a "dry anbi-
1cing system" '

. - The heat input reﬂuired by a dry anti-icing system is quite sensitive
to 4he rate of water impingement. These systems require high temperatures

~and high rates of heat tra.nsfer per unit span. -

,5=3 Runback and ‘bha Surfacs-Wetness Fraction :

At high rates of impingement, some 0:. the water in the surface film
flcwa aft, out of the region of impingement. This flow, cal]ed runback,
does not occur as & cont.inuaua sheet but in the form of thin rivulets.
The water of the rivulets may avaporate if sufficient heat is conducted

" from the douvble-skin heater b‘hrough the outer skin of the airfoll, or if

the air speed is high enough to provide considerable aerodynamic heating,
or if both these conditions prevall simultansously. However, if the rate
of impingement becomes more severe, the rivulets may flow farther aft to
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a region where the amouni of heat they reczive is not sufficient either to
evaporate them or to keep them in the liquid state, and thers they may

freeze.

Consider a long line drawn spanwise on the wet surface of a wing. The
ratio of the wetted length to the totul length is called the surface~wetness
fraction € . Of course, ia the impingement region its value is 1.0; but
in other regions it is less than 1.0, Averages of some typical values. of
¢ obtained on & particular airfoil are shown in Fig. 5-1, which is taken
from Raﬁ. 98, Quantities 8, and 8 are the limits of impingement;
hence, the absclssas are distances measured downstream from the end of the

impingement area. It is beliéved that the values on this curve may be

- uged to ohtedn satisfactory results for other airfoils. Notice that the

runhack falls off sharply reaching a value of about O, 2 ata disﬁance

of about half a foot beyond the limit of impingement. Therefore, it is
important that a 1arge part of the. watar be evaparated on the leading edge;
otherwise, the runback may ertend ezcessively fer aft.

5=l Wet Anti-Ieing ‘

' The tern, "wwé anﬂi-icing system", refers to a system deaigned on the
basis that the surfaca temperature be at some preselected value greater
than 32*F, This type of design is seldom employed today uuless the alr
spead is. sufficiently high so that aerodynamic heating. provides a large
amount of thermal energy and the ghapg and size of the object are such

» thaf}haat“can reach a large portion“of its surface at a moderate rate per
' unit area.’ These aystems are found to be more sensitive to the air tempera-

ture than to the rate of water inpingenent.

5—5 Bvaporative Anti-Icing

& more rational approach to the problem is to consider a maus and
heat balance on the entire surface or at each point on the surface. 'The
latter procedure is the more accurate onej usually a compromise is reached
by conaldsring heat and mass balancee on several divisions of the gurface.

Since dry or wet anti-icing systems can be considered as special cases, and
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since they can he analyzed by the same methcds used in the analysis of
evaporative systemns, only evaporative systems will be considered in this

manual.

It will be assumed that the chordwise heat conduction along the skin

a8 no influence on eny water that may run beyond the heated area, It

will be necessary to consider whether aerodynamic friction alone, behind

the double~skin area, is adequate io provide the heat necessary for

evaporatiug the water. Accordingly, the chordwise heat conduction in the

" Bkin may be considered to provide, in a sense, & margin of safetys

'5-6 Yass Balance on an Elemental Area of Profile Length As

A two-dimensiocnal wet wing having a sppnwise length of one i‘oot is
considered. On an elemental surface area of profile length As ex~
tending from s to.s + As, as shown in Fig. 5-2, the rate of water
impingement is WY . (As . 1) _ The rate of evaporation from the elemental
ares is mtt '('As e 1) ¢ €, Quantitieu W, m", and & depend upon 8.
The quantity € ies the surface—wg,tness fraction discuﬂ.sed in Section G3;

oodtb is eﬁual to 1 whergver W" > C, "The. method.a for calculating W® are
_treated in Chapter 3, and the Pvaluut'i on of m" is a subject of later

sections in the present ‘chapter.

"It may be ‘_supposed th.at some: viater flows in the 'i‘ilm along the sur-

‘ face. If the' rate of flow per umt. length of span vat position s be

denoted. by W9, then the rate of £low at position 85+ Aa ‘may be denoted
by w' o+ Cgf; . As. ' ' '

‘Equating the rate at which water comes e the elemental surface to

the rate at which water leaves,

W As +wh=emm o f As+(w'+%'-;—" As)

Simplifying,

1
R dw

(5-1)

[n A
2

[
q
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This equation shows how the rate of water accumulation with respect to
distance along the surface depends on the local rates of impingement and
ovaporation, It is basged on steady-state conditions; that is, iecing and
flight conditions are assumed to be steady, and the rate of flow and thick-
ness of the film at every point are assumed to be independent of the time.

01.1 the region of the surface near the forward stagnation polnt, W
will usually substantiaily exceed m"; therefore, in this region the rate
of water flowing in the £ilm would increase with increasing lan::-‘ah. Far—
ther dowssbream there may be & region where W' = m"; there. ' romains
imiform.-, Farther along the surface, the evaporation rate may’ exceed the
rate of water interception, and the rate of flow in the water film diminishes.
Bm'ond +hr= area of impmgement, W" =0 and w' decreases at the r&tu
- é¢m" until, fix:al]l.y w!'= 0 and the film ends. Integrating Bq. 5-1

and taking w'(o) =
- ;_i 8 - . {
,vn (8) = f (am - ent) ds - ' C(5-2).
P 0‘ . S

In a performance analysis of an an't‘i—icing gystem to determine whether it
13 effective, the. in‘oegration 1s carried out on the upper and lower sur~

faces until the values’ of '8 ¢ are reached where. w! = O, If ‘ieing is en=
countered along the way, “the design must be modified.

57 Further Considerations of Evaporation Rates
. In: Sectlon =13 a coefficien‘a of mass transfor b. ‘wus defined by the

equation,

‘=, o , - . ) r
m" b(QV,s ev,l) . . (h 3))
This equation is satisfactory at high total pressures of the air~water-

vapor mixture and small temperature differences. To use the coefficient

b for other circumstancas, however, Eq. L~35 must bhe modified.
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5=Tal Evaporation Rate in Terms of Partial Pressures

Within the ranges of vapor pressures and temperatures encountered
in the present splication, it may be assumed that the water vapor behaves
like a thermally perfect gas. This allows the thermodynamic properties of
the vapor to be calculated as though the air were nobt present. It also
allows Pv,a» and Pv,l to be evaluated in terms of the partial pressures

of the vapor:

(5-3)

where K = 85.8 £t 1b/1b ¥ = 1,213 £t in.-mercury/lb_F is the gas con-
«tant of water vapor and [Q j = lbm/ftj Hence, Eq. h-3) mey be written,

b ' :
m"_= 'ﬁ'v'T (Pv,s - Pv,l) i (S-h)

This equation 15 satisfactory if the pertial pressure of the vapor is very
mnall compared with the Llocal static pressure, that is, at low altltudes,

5-7.2 - Influence of Induced Gonvectlon

, The sum of the part*al pressures of the: air ‘and - vapor is/ vmrtually
und form acroes the bﬁundary layer along any normal to the. surface.’ There-,

’ fore, if thé partial pressurs of the vapor is decreasing; the partial pres-

sure of‘the_air is increasing, and the aly diffuses toward the surface..
But since:tﬁe'éir‘cannot penetrate the sﬁrfacﬁ, a counter convection of
the air neours which carries with it additional vapor. Analysis showa
that Eqn S-h ¢aii be modified to allcw for this additional trunsfer of mass:

P P, 1 . ,

= o - ._".'.:s_p_.lal_ | (5-%)
v 1 - o2l
1

When p, s is much less than Pys which'usually happehs at low altitudes,
M

particularly when the surface tempsrature is low, EqQ. 5=k and <5 are

practically identical.
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The induced convection also influences the diffusion from the
mathematical viewpoint, because it affects the boundary conditions which
the solution of the differential equations of motlion and diffusion must
jatisfy. However, in the case of the evaporation of water, as in the
present application, the quantitative effect is minor; for this reason,
the principle of similarity may be epplied to calculate mass transfer
rates from heat transfer rates as in Section L-15.

-The -hange of mechanical and thermal prbperf.ies of the air' due
to the presenca of the vapor is very small , and may be neglected in the
present applicatian.

SBT3 Ini‘luence of Non—Unit‘om Temperatura across the Boundary Layer

\'\‘hen the temperature of the surface is much larger than the
temperature at the outer adge of the boundary layer s 88 of'ten happens in
thermal anti-ieing, Eq. L=35 may possibly give unsatisfactory results. .
Jakob (Ref./ 63) has therefore recommended that Eq. 5-5 be modified by
replacing T with the arithmetic mean film temperature T, The result
is thet - - ' '

P

gy EgEt e

L B
Equation 5-6 has yet to be’ chaoked by mcperimenta on evaporation to an.

airstream from a wet su.rface heaued from below, However, in the limiting
cases. of low: pressure difrerences ‘and small temperature gradi ents, it is

o dn agreement with the simpler equat.ions presen'bed above, -which have 1ed

to zat isfactory predictions in the past, no* only in anti-icing problems
but in other flelds as wall,. On account of this agreement, and because 1t
ailars for deviations from those limiting cases, Eq. 5-6 will be employed
as a basis for design and analysis. In Section 5~10, Eq. 5-6 is brought
to a more convenient form to foocilitate the calculations.

l'l'his is an effect other than so~called #thermal diffusion®, which
is mentioned, for example, in Ref. 95.
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5-8 Supersaturation and the Evaluation of p, 1
2

yith refersnce to Bq. 50, it has already heen remarked that pv,a
18 the saturation pressure of steam at the temperature t’s° The vapor
pressure pV’1 could possibly be assumed to be the saturatlion pnessure
at the temperature t‘l' Howaver, a considerable amount of evidence indi-
cates that an alternative procedure i1s required.

As the fog passes over the leading edge of the airfoil, its pressure
decreases and the'water vapor expands. The expansion may be considered
isentropic. In an enthalpy-entropy diagram of the stream, the state point
of the steam would start at the saturation 1ine and descend into the
region where the liquid and vapor would ordinarily be.in thermodynamiec
equilibrium. - If they were in aquilibrium,l the droplsts would grow bj
the process of c'ondénsat.ion. The fact is t‘ﬁat the wuter vapor5 does ﬂdt
condense; it seems that there is insufficient time for this process to
decur. ﬁ:qaerierice.shows that the vapor conderisés when it reaches the 80~

- qalled Wilson line. This is an éxperim«.mtally determined characteristic

of steam coinciding approximately with the line of 3.5 per cent moisture
(Ref. 133) as shown in Fig. 5-3. This figure is a reproduction of a small

‘part of the Mollier steam chart in Ref. 72 to which the Wilson line has

: ‘_béen added. A8 can he seen in Fig. 5;-3, relatively large isentropic pres-
"sure éhanges would be needed to reach the Wilson line from saturation.
Since such changes usually lie beyond the 'range oceurring in f‘h'e"present

spplication, more vapor is expected during the expansion ‘than is predicted
by equilibrium calculations. The pressure of this so-called supsrsaturabad
vapor is somewhat in excess of the vapor pressure o£| saturated vapor at the
temperaturé of the supersaturated vapor and the lines of constant pressurs
are disturbed from thelr equilibrium positions shown in the diagram.

Hence, it is sssumed that no water condenses, that the constituents
behave amccording to Dalton's law of partial pressures, and that the vapor
pressure, like the pressure of any inert constituent, changes in proportion

lCalculations regarding fog in thermcdynamic equilibrium can be con-
veniently carried out using the enthalpy-entropy diagram devised by
Hensley (Ref. 60).
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to the local ahbsolute statlc pressurs. Briefly,

P
=2 e p (5-7)

pv,l po V40

S-9 Specific Humidity or Humidity Ratio
Ths thermodynamic properties of a mixture of airl and water vapor are
conveniently expressed in termws of the specifiic humidity, or the humidity

ratio, which s the ratic of the vapor density to the air density. A&lso,
rates of evaporation may be expressed in terms of the specific humidity.
?or all practical purposes the specific humidity may be evaluated by means
of the relﬁtionship of state for thermally perfect gases and Dalton's law

" of partiel pressures. Thus,

R, P -
R b (5-8)

=p=p MR g
Qiéce P, =P ~P, a1'1c1._1&&.ﬂa = Mva, Eq., 5-8 becomes
M_ Py

., .
4-3;=ﬂ; 5TF (5=9)

v

Subécript a fefers to the dry air and M denotes the molecular weight;2

' p‘ denotes the sum of the partial pressures. Equation 5~9 may be used to_

caleulate the specific rumldity of a mixture when the vapor is either

>'subsrheated,;saturated, or supersaturated. Values of w for saturated

e2ir dre.preﬁanted in the graph of Fig. S« for absolute pressures from

1The'%efm."air" used in the phrase "mixture of alr and water vaport

 always refors to the part of the mixture that is dry ai». The term "satu- .

rated air? means a mixture of air aud dry, saturated water vapor, or water
vapor on the verge of condensing.

The liquid water in a cloud contributes very little to the value of
the hsrmodynamic properties. Unless otherwise specified, the ssecific
humidity of a cloud will include only the saturated vapor, the Jiquid
water content being excluded. Of course, the liquid water contant 1is
very important in considering the rate of water impingement.

2Employing K, = 18,010 and ¥, = 28,966 (Ref. 119}, the ratio

uv/ua = 0,622,
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10 to 32 in.-mercury; also, values at pressurs altitudes of 10,000 and
20,00¢ £t are plotted. Goodman (Ref. L8) has tebulated values of w din
the ranges 22(1)32 in.-mercury and ~LO(1)200°F. When a difference of w
corresponding to a small temperature difference is required, it may be
necessary to use calculated values of w instead of values from the

graph,

5-10 Evaporation Rates in Terms of Specific Humidity .
Brploying the relationship uaRa = MvRv and Eq. 5-7, Eq. L=9 may be
written in the fom,

. M P 12
" =b _Pys v Pee (5-10)
E T rﬁ_ pl Pv, ‘ ﬂ; pO Pl " pV;B .

-The fraction ahead of the braces ig the density of air in lb/f*b3 at pres-

sure p; and temperature T3 dencbe it by (ea Ve Sincé the maximum

: static temperature of the main stream in the present application will be

low, Py,o _'.<< _qu, and ‘the product ‘(ll.lvpv,.o)/ (Map o) can be repla ce‘d‘: by

e Henca,

p .
mh = b.((’a 1)1"[?‘33 =Wy ¢ ﬁ] ' - G

For low altitudes and small differences betweqn temperatures T and Tl’

fig. 5-11 reduces “to

mt = b fa,l [“’s = ‘.“‘o]_ o (5-12)
This 1s equivalent to the expressinn employed by most investigators.

In Section L-1L, it was shown that a coefficient of mass transfer could
be written in terms of a corresponding coefficient of heat transfer. Eliml-
neting b from Eg. L~39 and 5-12 and noting that '\Da - {ea ) (consistent
with previous assumptions),

r Py
mw == ...-_I... * h L\Js W:; . I)_.j‘.F--] (5—-13)
p) 1 V8
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where I has been taken to be 1.1 and 1.0, respectively, for the
laminar and turbulent boundary layers, and ¢ e = 0.2l B/1b F.

It io apparent that for any given icing and flight conditiong ths sur-
face temperaturs 'I‘s3 as well as the coefficient h must be knowm in order
to determine mn. The next chapter shows how the distribution of the sure
facae temberat.ure Ts along the airfoll profile may be calculated.
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Chapter &: HEAT BAIANCE ON A WET AIKFOIL

6=1 Heat Palance on an Elemental Area
In order to determine the performance of a given thermal anbti-icing

system, a heat balance is required for each elemental area of the surface.
It will) be convenient tc write the heat balance by applying the First Law
of Thermodynamics to a typical elemental system comprised of the outer skin
and the water film, represented by the region AEFD in Fig. &-1. Being thin

..and of nigh conductiviﬁy, the metal skin and water film have high conduct=-

ances cdmparad to the inner and outer surface conductances. Therefore, it
may be assumed that sections AE and DF are isothermal.

‘Therhal energy enters thé slement through the suffacg EF at the rate

T LI (Z&s * 1) by convection from the hot air in the heater. The water
droplets impinping'upon the surface 'AD come pracbicalJy'to rest and the
thermal energy they bring with ther enters the system at the rate
Wi (iw o)tct (As * 1). Subscrip@ wyo -refers ﬁol*he water in the super-
cooled cloud at temperature .to5‘aubscript "tot refers to the total or
stagnation condition. Thus, (iw o)tot is the sum of the static enthalpy
of the water plus the thermal equlvalent of the kinetic energy of the

water droplats relative to the alrfoi the static ennh&lpy is referred to

3 saturated water at 32°F.

Thermzl energy i° also carrind into the svatem with the flow in the
water film through the- section AB; longitudinal conduction in the water
s naglected gince the £ilm is; relatively very thlno Assuming uniform
temperature T through the depth of the film, bhe rate 18 w' o iw g

3
Wﬁter Teaving through thm section DC carries erergy at a rate which may
- d
& i e e t . Lo
be represented by W lw,s 5 (w i, ) lls.

Heat also i3 carried away from surface AD by convection in the
boundary layer. The net rate in excess of the aerwdynamic heating is de~
noted by qg « (As * 1),

Thermsl energy is carried away with the evaporating vapor from the

surface AD at the rate m iv s( €+ Ng » 1) where e is the surface-
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wetness fraction defined in Section 5=3. The quantity iv s is the enthelpy
»

of saturated vapor at the temperature Ts'

The net rate of heat conducted longitudinally thrcugh the skin is
det
ke ysk —c-i—s? As.
Some heat leaves surface AD by rediation. However, the rate is

relatively small because the temperature lsvel is low. Therefors, this
rate will not be consldersd any further in the heat balance.

" Equating the sum of the rates of energy entering to the rates leaving
our aelemental system, simplifying, and solving for gV,

- - » -E-i- L] d t
q = qg + em":!‘v,s‘ W (iw,o)tot * % (! iw,s) +koe Ysk dsi

(6-1)

Each of thé terms will be evaluated, and Eq. 6=1 will be brought to a more

convenient fort for caleulations. We begin wibth the next to the last

term.

R
5 Lyya’

The enthalpy of the water is conveniently represénted by

&=1.1 I, Evaluation of

g = Opyn(Tg - 192) | (6~2)
whag'e oW = 1B8/1bF. It i‘olloﬁs that
gé (wt iw,«a) = iw,s g-}" + o, v % (4=3)
Substituting for dw'/ds fronm Eq. 5-1,
E-(w' vi_ Y=Wre (T = 492) ~mred +c w! o (6=4)
a3 w8 p,w s vy8 © “p,w © ds
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6l a2 Evalvation of W (iugo‘tot

Evaluation of W' is treated in Chapter 3. The stagnation en-

thalpy of the impinging water depends on the local velocity at which the
droplets strike the surface. Those velocities can be determined from
water droplet trajectoiies. For example, Ref. 81 presents the distridution
of velocities on cylindars. However, distributions of impingement veloci~
ties on airfoils have not been published. Since the kinetic energy »f the
droplets is small compared with other quantities, the stagnation enthalpy
can be conveniently expressed with sufficient accuracy for design purposes
in terms of the free stream velocity. Accordingly,

2
U
ot o
(iw,o)tot — cp,W(TO - hyc’.) - Tg? (6—5)
When' U is in ft/sec, 2gJ = 50,100 £47 lb/sec? B,

1.3 BEvaluation of enwiv -
, VS

Quantities € and m" have been considered in Chapter 5. The
quéntity iv s depends only upon the temperature TS.1 In general,
. . 3

v,8

o= tnat N | L (66)

where A' is the latent heat of vaporization and subscript s refers to
the temperéture Tsu Values of M\ ere tabulated by Goodman (Ref. 48) and
Keenan and Keyes (Ref. 72). Qoodman presents the following linear expres-
sion which represents the latent heat within 0.25 per cernt in the range

of temperatures from ~40 to 1L0*F:

M = 1093 - 0,55 ¢ - (67)

6L, Ls Evaluation of g

The net rate of heat transfer by forced convection is piven by
Eq. h-2'

1The spanwise temperature is assumed t0 be uniform even in the region
of runback where the airfoll is only partially wet. The low ilhermal re—
sigtance of the outer skin tends to keep the temperature uniform.
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6-1.5 Simplification of Equation 6-1
Substituting from EQ. 6-2, ~L, -5, -6, and ;-2 into Eq. 6-1 and

collecting terms,

/

1
q“:h (T .—T - Tw\)+ em"%
5 17 "r 2chpsa/ 8

1]2
o

+ W"Gp’_"_(TS - To) - W m

ar a2r -
+* W:'Cpsw -a'; - kySk ® ? (6"'8)

If the surface temperature is uniform the last two terms are
zoro. The assumption of uniform temperature has freguently been made to
expedite the calculations and to arrive at a preliminary design. Measure-
ments (Ref. 127) indicate that close to the stagnation region and in

‘ reéions aft of the impinganent area, the temperature gradient is practi-

cally zero. Batween these two areas, w' 1s probably sufficiently small K -
80 that the next to the last term becomes relatively unimportant. In

this manusl the last two terms will be omitted from Ey. 6-8, However, it
is possibiﬁ that if they were retained their influence on the results could
be accowrited for'by an iterative method of calculation. Such'calculations '

are excessively time=-consuming and umwarranted for ordinary desizn purposes.

In omitting the last term, the conduction in tha skin is neglecte:)do
Boglter, thnson,,and Rubesin (Ref. 16) have performed calculations %o maké
compari sons betw?an éolutions in which the conductivity is zero,yfinite, :
and infinite. They found that the solution for finite conductivity'approaches
the solution for no conductivi, except where certain large changes of the
coefficient of heat transfer occur or where a change of wing structure oc~
curse The procedurs of the wore exact solution is vary tedious, and the
avthors recommend the assumption that the chordwise conductivity is zeru.
The assumption of infinite conductivity gives uniform chordwiase temperature,
but this result is not in good agreement with the more exact calculationn.

Introduring the expression for m' from Egy. 5-13 and omitbting

bhe lasi Lwo terms fvom Bg. &8,

N
\
\
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U p
1 I 1 N
q":h(T—T-— - + e DA (o, - w, ¢ \
8 1 Ir 25Jcp$a ) cp,a CRNE ° Py~P, 9}
Lﬁ
+ W"cpgw(Ts - ‘I‘o)~ w 773 (6~9)

6-1.6 Purther Simplification of the Heat-Balance Egquation
Before continuing with the calculations it will be desirable to

have Eq. 6-9 in a more suitable form. The form used here is patterned
after that of Messinger (Ref. _h)l and Tribus (3ef. 12h).1

It will be convenient to define a functiong

f= f(t,p,I)' E e F(t,I) (6-10)
.whére.
F(‘b,I) =1 E——}-\-—T : (6"11)
bsd i

' These functions are hotti dimensionless. This coefficient is plotted against

t:with I as parnmetar,vin Fig. 6~2. The function f(t,p,1.l) is repre-
sénted by the solid liﬁes‘in Fig. 6~3, ”They cover the range from 10 to

39 in.Qmercury; curves are also shown for pressure altitudes of 10,000 and
26,000 £t. The uppermost dotted line repx$sents the function " f£(t,10,1.05),
The difference Af is uniform. Curves for I = 1,05 at other pressures

}Thesevauthors glve corresponding equations for subliming surfaces

and for surfaces covered with ice-water mixtures, as well as wet surfaces.

In particular, Messinger treats the unheated surface. Subliming surfaces

are of little interest in anti-icing calculations; surfaces covered with
ice-water mixiures may be of interest when analyzing an anti~-icing system

in operation under severs icing conditions. Since only "effective operation®
(8sction 5-1) is our goal the subliming swfaces and the surfaces covered

with ice-water mixtures are not considered in the present nanual,

Since the influence of Lhe latent heas of fusion has been omittied
from the derivation, Eg. 6-9 should not be employed unless tg = 32'F,
Feferences 94 or 12l should be congulted if it is desired to study cases
where tg is less than or equal to 32°F.
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would lie at equal distances Af below the corresponding solid lines.
They have been omitted to keep the diagram clsar. Curves for £(t,10,1.0)
would lie at 2 Af below £(t,10,1.1), and so forth.

Equation &9 may now be wrilten in the following way after fuctor-
ing h from all terms:

wn
Q" = l' 1 +<—:§L—>+ ¢ f(ts,plﬁ)]
T, /W _
- To [i‘l *K—;‘BL>+ e £t sp, sI) %ﬂ

o v,-

2 v o .
1
[ : (@ a‘p-“ ( ) | (612

Upon placing

. ['1 +(T-c§ﬂ>{ »e-. il‘(;;,p;-.,‘I)] : | | | N (6_135

) =T Whe '- p | A |
P B N 1S k8 b
2, E i‘I" +< —-;?‘—)* e f(t ,po,I) | e e )\o] - (6l

‘o= ['h- (ﬂ_) _Ee._.;,(_}{a_)] S o (6-18)
0 Ps& ’
EQ. 6~12 may bé 1?frit1_',en,

A~ (m = - K
9 = h\a i onO ? Q) (6-16)

For most practical purposes, and particularly for low speed, low altitudes,

and snall temperature differences, 1t may be assumed that 5-15- -Eﬂ =1;
8 ©

then zo becomes 1ndependent of ts and assumes the same form as Zg.
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6~2 Heat Transferred from the Double Skin
Equation 6~16 has two unknowns, tg and q". Therefore, another egua-

tion is needed. This is obtained by considering the air flowing through
the double-skin heater. Having neglected conduction in the outer skin, we
may write to a good appreximation for small As,

-t

Q@ ‘A== e §f['1' (s)- T(S)] r (q+As) T‘s+As)] s (5-17)

where the bar designates the offective mean value in the interval from &
to s+ As; and subscript e refers to the effective coefficient discussed
in Section L-20, Since Ta also is unknown, another equation is needed.
This is obtained from a heat balance on the air flowing from s +to

s+ Ase

& e Ds=wc [Ta(s‘)-ra(s} [)a)] v b (6-28)"

Neel (Ref.’98) describss an‘slectric ané.log calculater which solves.

Eq. 5-16, -17, and =18, or their equivalent, simultaneously, Gray (Ref. L9)
hag provided charts which also may be employed to obtain corresponding re~
sults, In the; next section a stepwise numerical method is presented for
dask~type calzulations. ' o

6~3 Mumerical Calculation of q', T , and T~

The method preéented here 8 a stepwise procedure. Figure 6~L is a
diagram of the upper or Ibwér double=gkin heater. A span 1 f{ in length
is considered. It is imagined to bLe stretched into a straight conduit
‘Alao,‘it is supposed that coefficients of heat transfer on the inside and
outside surfaces have been plotted according to the relationships presented
in Chapter L.

111‘ R, in Eq. 6~17 includes the effest of convection from the distri-

bution duct, qg may be evaluated using Eqg. ’4‘7)13 If f{e is based on the
asgumption that the inner skin is insulated, qd = 0.
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HEAT EXCHANGER '

Starting with A the inner stagnation point (a point opﬁosite the
entrance to the double-skin passages) the chbrdwiae length of the heater
~1s divided into a numbsr of sections AB, BC, etc, not necessarily equal.
The number of sections is arbitrary, as will be mentionsd later. As the
.nﬁmber of divisicns is inecrcaged, the calculation time is made longer and
jhha accuracy is improved.' A check of the accuracy can be madé by increas-
"ing éhe humber of divisions until no changes are found beyond an arbitrary

allowable amount. The caleulation starts with ﬁhe_stagnation point A.

643.1 'The! Starting Values
At the stagnationipoint the temperature Taﬂ is known;l it is.

the tamperaturé of the air guppiiéd to the passageways, at thelr entrances.
Thusa, TaA iz equal to the local spanwlise temperature td in the distri-
bution or supply duct. The local coefficients of heat tranafer on the

outside and inside surfaces are hA and: haA’ respsctively. From a heat

1Evaluation of TaA is treated in Section 6~l.
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balance at the Section A,

qj = h, (agy Ty - 2.4 To = 8,) (6-19)
and
qx =h.a ( ad T ) (6"'20)
Eliminating qR and solving for TsA’
GA TaA +2 To.+ OA R
TSA = G Tz (6"'(.41)
A “eA
where
h e A . '
- .
G, = -—?—hA , : (6-22)

BEquation 6~21 can he solved for TsA ‘by trial and error using the chart
of Fig. =3 a8 another relationship between Ts and Ty With T ah known,
the rest of the celculation proceeds in the manner described. below.

6-3.2 . Continuing the Caleuletion
Consider the division AB. Upon eliinating q . [\a from Eq. 6~l(
and =18, placing 4

L) A 8 )
¢ _ Ve,AB ~ =FpB )
R e N o (623)
: 8 p,& .
whe be Ee ap 18 anaverage coefficient along the inside surface area Z&EAB;
)
and sclving for TaB in terms of T
HAB 1~ V \
Tep = \T7 T Tan * ”“'T TaA T3 n (6-2L)
This equation allows TaB to be calculated when TgE is known, the quanti-

ties in parentheses being known constants for the section AB. The above-

mentioned rectriction regarding the number of divisicns is that Os  wmust
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be chosen s0 that H<£ 1 in all intervals. Usually, it may be found most
convenient to allow the divisions to terminate at the end of the laminar
regime, the end of the transition, and so forth. Further, small intervals
near the leading edge are needed in order to attain good accuracy.

Treating Point B in the same manner as Point A was treated
in BSection 6-3.1,

Gy Ttz T 40y o
Tep = 0. +2 (6-25)
B sB
Substituting for T, from Eq. 6=2L and solving for T 5’
" H l1-~H
: AB o - AB
GB'(l TH- T P T, Taa )* 258 To * °B |
. AB AB
T, = = . (6=26)
sB hB'
23 YTTH S

‘ AB

This eﬁuation is basically of the same type &8s Eq. 6~21 and may be solved,
algo, by trial and error. ' Only two or three trials are needed to find the

solution.

Equations similar to Eq. 6-2l; and =26 can be written for divigions
BC, CD, etc, by permatation of thé subscripts. By solving each set of
equatibns'in:éucceaéion the dist?ibution cf temperatures ‘Ts and '?a cani
be found. Finally, the rates of heat transfer can be obtained by means of

i Bqe 6~19 or -20. The integrated rate of heat transfer ‘should bs in agrag-

menﬁ with
are) = o [Ty, - Ta(s)._] | (6~27)

a D& |

at the end of each step.

A~3.3 Unheated Surface
Beyond the double skin, the air velociiies along ths inside sur~

face are amal!l and relatively little heat is transferred. It may be assumed
that in this region gq" = 0, Then, from Eg. 616, for any point on the
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unheated surface

R (6-28)

6-3.4 Dry, Heasted Surface
Simultanecusly with the stepwise temperature calculations, it

will be necessary to calculate w'(s) by means of Eq. 5-2. This procedurs
shows whetPe: all the mater is svaporating.

If all the water is evaporated hefors the end of the heated
length is reached, a dry, heated region ocours and Eq. 6-26 reducas to a

‘ simple form. - For example, if Point D lies in such a region, then

Hap 1 = Hyp
: Gy lrv - Too * I""ﬁ“ Tac> + Typ + 6
'TSD E e GD .(6"29)
1 4y
T

~ This equation gives T sD directly, no trial and error solution heing
naeded. It will be found that surface temperatures in this region wil 1
‘be relatively high on account of the lack of cooling by evaporation. It

is important ‘to investigate these taﬂperaturea ‘becauvse during light icing
conditions they may posaibly excaed the allowable skin temperatura when
the rate of &ir flow and inlet tgmperature are high.

4~), Preliminary Calculations v )

The success of the anti—iéing system depends upnn. ths selection and
control of the inlet tamperature TaA and the rate of flow per unit span
w;. Before performing the stepwise calculations of the previous sections,
these guintities ghould be estimated to reduce the time of calculation,
For this purpnse the following plan, based on an over-all mass and heat
balance, le supgested. The calculation begins with a rough approximation
of the average surface temperatwe required to evaporate the water before
it rung back out of the effectively heated area, This average temperature
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S,

is latsr enployed to estimate the cver-all rates of heat loss and, conse-

guently, the rate of heat inpute.

fbal Average Surface Temperature ES

An average surface temperature may bLe calculated by means of
£q. 5~13 and Fig. 5-4, To simplify the calculation, the ratio of the
pressures appearing in the second term of the brackets of Bq. 5-13 muy be

taken equal to 1,0. Then using averare values,

il
s

W, = m— W (6-30)
s I . °

c
p;a

-t .
The quantity m , the avérage rate of evaporabtion per unit ares, is dis-
cussed in the next seétion. Entering Fig. 5-4 with the calculated value
of ESS and the absolute static pressure of the flight altitude,_%s may

be obtained from the abscissa of the chart.

As an alternate procedure Eq. 6-30 may be further approximated

by means of the equation,

(6-31)

: Pod .
which is obtained by neglecting P, 'in the denominator of Eq. 5-9. The
approximations which have been made give least error at low altltules,
Howevcr,‘for the presgent purpose they wili give adéquate resul ts at all
altitudes; since these results are to be checked by the stepwise caleu~
lations. In ga. 6-11 [@ }= Io/hr £42, [B] = Whr £42 ¥, and [p] = in.

. has been calculated, Eq may be found in Table A-3,

mercury. When Ev
3

Introducing I = 3,12 aund Cha = 0.2l the factor
8
0.622 I/cp a T 2490, as used by Messinger (Ref, 9L). It is based on the
72
assuwmption of laminar mass tranafer, which is probably a good assumption

for the lower swurface in wmost cacces. 1P the Lransfer is taken tn he ture

bulent, the value 2.& can be evployed.
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64,2 Evaluation of m
Since methuds to caleulste L are already trested in Chapter l,

it is necesgsery only to consider how to find E". Bufore procesding, it
18 noted that Ei" could be regarded as the mean rate of evaporation per
unit area cn either the upper or the lower surface. Since the impingement
on the lower surface is heaviest, the plan is to arrive at an estimate of
the temperature TaA and of the flow w; rejquired for the lower surface.
Then the heat requirements of the urper surface can be met with the same
temperature TaA but with a modified rate of flow. Accordingly, in the

-lt
remainder of this chapter, m and h are referrad t5 the lower surface,

There are several msthods to estimate B, One group o»f methods

may be represented by an equation of the type;

.." - O:W' . (6—-32)
Fey
where W' 1s the tot}al rate of impingement on the lower surface and . 8y
1s its heated length; o and-. are arbitrary fractions which the designer
may‘ch.oose according to the intensity of anti-icing desired and to his
experignce w:l."ch the results of the stepwise calculations., Some exarnplas

are given below:

(1) ¥ x=1 &nd = SI/SH’ a dry oystem is planned in
which all the water would be evaporated on the area of impingement, As
mentioned previously, such a system would require high t.emperatureb, hig!:
rawe of flow, or both, ordinarily it would not be. employed,

(2) If «a= 1_. and
water on the heated area.,

g = 1, it is planned to evaporate all the

(3) If o« <1 and @ =1, 1t is planned to evaporate a fraction
of the water on the heatad area and to allow the remainder to be evaporated
by aercdynamic heating. The same reoult is obtained by taking o= 1 and
p‘ =1, which would mean that it is planned to evaporate all the water on
an area somewhat larger than the heated arez. In “hese cases the ratio
cx,/(_B should probably be 0.8 or 0,9.

WADC TR SL-313 247




Gther methuds may be used wnich ars modifications of thoss pre-
gented. For example, the influence of the partially wetted surface could
be included. Another group of methods has been based 9n assumptions regard-
ing t+he purface temperature; the length of the heated area is subsequently
adjusted. Whatever the method adopted, as the preliminary design prozedure
is made more complex, it takes luiger time. Since any final configuration
should be analyzed by means of the stepwige calculation, it is recommended
to keep the procedure as simple as posaible. If the results of the pre-
liminary calculations are found to provide excessive or inadequate heating,

" the stepwiee caloulations will show what adiustment is neaded to improve

the performance of the system. Hodificationa of the performance calculations
required by théfadjustment can be made with little difficulty, using the
results of those csleulations as a guide.

6=}s3 . Total Rate of Heat Transfer

With the average surface temparature E known, the total heat
loss from the wing may be calculated. This loss io made up of three main
parts, namely, (1) the sensible heat loss to the water, (2) the rate of

heat loss by evapcration, and (3) the net rate of heat transfer by con-

vection. They will be denoted for a unit span by qi, qé, and qé, re-
spectively. The third item accounts for the aerodynamic heating. The

kinetic gain from the impinging droplets can be neglected from the pre-
limtnary calculation because it is relatively small. :Accordingly, the

total rata of heat transfer per unit zpan is

a = Cli +a) +q) (6-33)

These items are evaluated in the next three sections.

6-L.i  Sensible Heat Transfev to the Water

The rate'of gensiile heat transfer per unit span to the lmpinging
water is

q' = W'cp’w(is - to) (6~31)

0f course, o 1 B/1b F, and t, is the ambient air temperature.
3
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6-led Heat Loss by Evaporation
The rate of heat loss by evaporation per unit span is

ea 26 Y
2 Ny H (b )5’/

where As is the latent heat cf evaporation at the average surface {em-
perature Esa It 18 satisfactory to employ As = 1050 B/1t as an average
value over the temperature range oncountered in the pressnt #application.

b=leb  Net Heat, Loas by Convaction
Neglecning any change of temperature outside the boundary layer,

the net haat 1oss by convectlon per unit span is

N i ' : U2 '
R T R (636
2 :
‘where Uo is the airplané speed in ft/sec; however, lf an aﬁerage speed
is used to0.calculate ‘h, then the same average value may be used instead
lof U o A convenient rule of thumb to calculats the last term in the
parenthesea of Eq. 6-36 is to double the sqpare of the speed in knots
divided by 100; the result uses = C. th a8 & basis and has the
unit, Fahrenheib dagrees.. ‘ '

1
0

é-h.? Determinahion of T, and w'

The flnal step in the. prelimina"y calculation is to aeleut a dew

-sirable or allowable value of elther wg “or TaA .and to determinﬁ ‘the -

‘corraeponding value of the other quantity. fThe following relationphips
‘exist between them. The heat transferred per unit span is

%" % ['T&“, EAHY N &

vhere T‘(sﬂ) is the temperature of the alr at the end of the .heat ex~
changer. Also, since the surface temperature is assumed uniform,
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SYMETELRI St s e s

T, - T (8,)
ot =F s, 2 o H_ (6-38)
=0 Ty =
n ad, 8
Ta(BH)"?s

The difference betwsen q' in Eq. 6-33 and qé in BEq. 617 and -38 is

the hest transferred from the air in the dlstribution duct. In many cases
the difference is relatively,amﬁilland.may be neglectéd sc that q; my
be placed equal t¢ g'. Further, ﬂe represents an average effective heat
transfer coafficient based only on the heat transferred EEEEES the passages,
As already suggested, for the présénﬁ'purpose it may be- agsumed that on
account of the fin effect of the inner skin, the effective coefficient is

about 50 per cent higher than the true coafficient Ea (et Section L+~20).
‘Eliminating TA(SH) “from Eq. 6=37 and =38, ‘

q) = w; °n, a(:r&A Q- &2y : } (6-39)-

where
R s o . o
2= ot | (6-L0)

’Fipm Eq. 639 and -LO, w can be calculated if Tah is known or’ TAA
“can bé’found’if wﬂ is known.: In selecting w', due regard must be given

the prassures availaule %o meet the resistances of the passages.

7 1In Beléoting Taﬁ’ wnlch 185 sssentiglly the local distribution~
duct or supply-duct temperature, an allowance must be made for any heat
loszes from the dusts. In systems like that shown in Figs 1-3(c) and -3(a),
the duct iosses are minor. ~However, in gystems such as those in Fig, 1-3(a)
and w‘(h); the temperature drop along the ducts may be sigmificant, and an

1 estimabe of the spanwise temperafure distribution is requirad. This esti-
nafe could be obtained from heat and mass balances on successive parts of

the distribution system,

In many cases, the heat lowt from the distribution system finds
its way to the wet surface, for example, by conduction through structural

members or partitions., That heat, of course, is not "logt™; it merely

WADC TR Sh-313 250




altaers the distribution of the total heat supplied. Since the sffects of
these lossa2s on the wet surfaces usually would not be appreciable and since
their distribution is difficult to calculate, it is recommended to consider
them as & margin of safety, provided that aliowance is made for the spanwise
temperature distribution in the duct.

é~5 Goneral Remarks
The procedurss outiined above are based on a unit span of a typical

wing section. Therefore, the perfovmance of three or more alrfoll sections

' df each wing ehould be analyzed. In this way the required distribution of

hot alr through the ‘system can be calculated.

Having found the. system to protect the airplane against speclfind icing
conditions, the designer mev then proceed to study the performance in other

flClng condltione, at other altltudee and tempereﬁuree, and for other speeds.

Finally, he will have to consider the controls nwceesary to nrov1de
+ha proper rates of air fJow and to. prevent structural overheeting. Some
instrumentation, also, may be needed for ground and flight tests as well
as for routine flyinp. :
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TABLFE A-|

THE STANDARD ATMOSPHERE

. ovnamic| KUMES | riegmal
ALTITUDE PRESSURE DENSITY| TEMPERATURE SPEEDOF viscos-| LS | conbuc-
Ty ol R
p px 10 t T a ax 10l fuxaot |y« 102
) .- 3 tug 2 B
(in~ | (in.- (5_1_"93) O ° (.5_ i (’ ‘.)
S Rl ) me'(rcury) 2% ] CF | (Crr J(1tfsec)| (knots) {522 (suc_) hr fLf
o lf 2116 47,1 | 29.92 § 2.378 | 59.0 1116 660.5 | 3.725 | 1.586 | 1462
500 || 2078 90,8 | 20:% | 2343 | 57,2 151 659,3 | 3.71¢ | 1.586 | 1.u87
1,000 | 20m 392.6 | 28.86 | 2.309 | 55,4 1112 658.2 | 3.705 | 1,600 | 1, u53
1,500 || 2004 385.5 | amizz | 20775 | 53le 1110 657.1 | 3.695 | Ji6om | aluwh
2,000 | 1968 378.5 | 27.82 | 2 au2] 518 1108 655.9 1 3.685 |. 1,60 | . uiu
2500 || 1932 | 3746 | 20031 | 22001 6001 1106 654, 7 | 3.670 | 1.663 | 1.uno
3,000 || 1896 364.8 | 26,81 | 2.176 | ug.3 1104 653.6 | 3,664 | 1.08k | 1. u3m
3,500 [ 1862 380,2 | 26,32 | 2. 104 . u6.5 1102 652.5 |- 3,654 | 1.700 | t.u3
W, 00¢ || 1828 351.6 | z5.04 | 2112 | wul7 1101 651.3 | 3.euy | 11725 | 147
4,500 || 1798 535.1 | 25.36 | 2.080.] 33,0 1099 650.2 | 3.633 | L7417 | 1lu22
5,000 || 1760 336. 7 M. 89 2,089 | b1,z 1097 89,0 [ 2,673 | 1,768 | L.417
8, 500 | 1728 332.4 | .43 | 2018 | 390n 1095 an7.9:] 3.612 ) 1.790 | 1a12
6,000 || 1696 32,2 | . 23.98 | 1.ces | 7.6 1093 6us. 7 3.602 | L8121 1,40
6, 500 || 1664 320.1 | 23.53 | 1,057 | 350 109) 6u5.5 | 3.592 | 1.835 | 1 403,
7,000, {{ 1433 3141 | 23.09 ( 1,678 | 300 1089 64l,3 | 3.581 | 1.857 | 1. 398
7,500, {1 iov2 308. 7 22,65 1,898 | 32.3( Ao#7 643,727 | $.501 | i.881 [71,994
8,000 [ 1572 | %0204 | 22.22 | f.es9 | 30.5 1085 6421 ] 3.561 | 1005 [ 1. 3a0
8.800 Il 1512 ¥ 296.6 | 2180 | 180 287 1083 610.8 | 3.550 | 1.929 | 1.%gh
9,000 || 1512 1.0 | 24,38 | La12| 269 1081 639.7 | 3.590 | 1.950 | 1. 380
9,500 || 1483 285.8 | 20,98 | L7884 | 2504 1079 638.5 | 3.520 | 1578 | 1.376
10,000 || 1488 279.9 | 20.58 | 1.786 | 23.3 1077 637.% | 3,619 2.000 | 1272
10,500 || w27 274.5 | 2,18 | 78| 216 1075 636.2 | %.505 | 5020 | 1367
11,000 1 1399 2€9:2 | 19,79 | 702 | 9.8 1073 | 63s.0 | 3.498 | 2,065 | 1 363
11,500 {. 1372 260.0. | 19iu0. | 1678 | 1800 1071 633.8 | 3.487 [ 2.082 | 1.358
12,000 || 13u6 258.9 | 19.03 | Leus |+ 16.2 1069 632.6 | 3.476 | 2,109 | 1.353
12,500 | 1319 253.8 | .1g.65 | 1.622 | 143 1067 | 6315 | 3,466 | 2. 137 306
13,000 -f| 1793 B [ 18,29 | 1596 1 126 1065 630.3 | 3.455 | 2,456 | 1.3
13,800 {| 1268 2039 | 17,93 | 1.870 | 10.9 1063 629.0 | 3.uu5 | 2.104 | 4. %999
14,000 ) 1283 239. 1 19,87 | Lsa5| - 9.1 1061 g27.9 | 2 | 2723 | 1.335
1, 500 || 1218 A | ez | 1520 7.3 1069 626.7 | 3.423 | 2,252 |. 1330
15,000 Jf tiou: [ 229.7 | 16,88 | 1.u9¢ 5.5 1057 625.5 | 3.013 | 2,281 | 1326
15,600 || 1170 - [-225.1 | .80 | Lwra | 3.7 1055 628.3 | 3.802 | 22311 | 1,351
16,000 || 11u6 220.6 | fh.21 | 1une| 19 1053 | 6231 3791 | 2342 | 1,316
16,500 || 1123 2161 | 15,89 | k2| -0ld 1051 621.8°] 3,380 | 2.5m | L3242
17;000 |i 1101 21,8 | 15.86 |.Lwoi | -2.7 1049 620.6 | 5.370 [ 2,408 | 1.307
17,500 || 1078 207.5 | 15,25 | .37 | 40 1047 619.4 | 3,350 | 2436} 1903
18,000 Il 1056 3.2 | .90 | 1.385'| -sls 1085 | 6ta.z ) 3,308 | 2u71 ] 1.298
18,500 || 1038 199.1 | w63 | 1333 1.6 1082 | 610 | 3537 | 2503 | 1204
10,000 || 1014 195.0 | 14.33 | 1311 | -olu 100 | 65,8 | 2.4% | 2.837 | 1.76A
19,500 || 9026 | 190 | 1.0d | Lz | ~1101 1038 618.5 | 3,316 | 2,572 | 1. a4
2,065 1 9721 | wr.o | 13,75 | 1267 | -4z 1036 | 6123 ] 3.306 | 2,608 | 1,279
20,500 Jt s5ii¢ | 1831 | 15,46 | 12us | -7 1034 6121 3790 | 2.4u8 | 1275
2to00 J| 9320 | 199.3 | 13,18 | fii25 | 1605 1052 | 610.9 | 3,283 | 2.600 | 1.710
20800 Il 9125 | 175.6 [ 12,90 | 100 | -18.3 1030 609.7 | 3.272 | 2718 | 1. 265
22,000 f! 892.3 | 172,90 | t2.63 | 1,383 { -20.1 10 28 50,5 | 3 261 | 456 | 1260
22,500 % e d | o1e8.2 | 12.36 | 1.183 | -2i.8 1026 | 607.3 | 3.250 | 2.794 | 1,286
23,000 | 9589 | ten.7 | a2.10 | Cwa | .23e 1071 606.0 | 3.239 | 2.834 | 1.251
23,500 ) e37.7 | 16tz | wed | 101230 -250u 102z | e0s,7 | 3.228 | 2,874 | 1. 206
24000 |} a9 | 187,7 | 1twe | 10108 | L2700 1020 603.5 | 3.217 | 2,916 | 1. 2u7
20,500 || 8022 | t54.3 | 14 | Loss | -0 1018 602.2 | 3,206 | 2,955 | 1237
25,000 || 784.9 § 1550 ! 1510 | 1,065 | -20.8 1016 601.0-] 3.595 | 2.000 | 1.23>
25,500 ff 767.9 | tar.7 § 10.96 | t.ou6 | 2.3 1013 509.8 | 3.184 | Z.o8% | i 228
2,000 § rszfowmes | oto.e2 | 1o2s | -u.3 1011 598.5 | 3.173 | 3,080 | 1723
260500 1 rma Lo boaatae Bothie b ety [y somad siesa b atian boaion
anoo0 f| 7387 | 13803 | 10036 | 6.0e2 | -3709 1007 %96.0 | 3150 | 3175 | 1213
500 || %029 | 1352 | 92.939 | niare § -38.9 1005 QUL R | 3,430 [ a 2. | L202
2,006 | esl.u | 1322 £ 720 1 0,987 { —k1.% 1003 593.6 | 3128 | 3.268 | 1l 20a
w500 | 6721 | 1293 | v.508 | ¢.ou0 | -u3.2 1601 sa2.7 | a1tz | 3518 | 1me
3,000 657, 1 126. 4 9. 293 0.92% -45.0 Y9f., % A5G. 9 3. 106 i, 3169 1, 194
500 [ swa. s | 12306 9.085 | 0.906 | -47.% 696.3 | 580.6 | 3. 09w | 1 wis | i t0e
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PROPERTIES OF THE STANDARD ATMOSPHERE

-

:

i) e s, A

K INE-~
o DYNAMIC L | THERMAL
SPEED OF . MATC |
ALTITUDE PRESSURE o Viscos- Wios- connuc
t
g P a pxl10? [ px104] kx 102
(in. - ¢ ' Siug (ﬂl..) ___“___)
(r1) water) (ti/sec)| {xnots) braey 1 oo (m' T
30,000 120.8 99U, 3 %88.4 3.083 3.468 1. 185
30, 500 118.0 992.1 | w81.1 1 3.072 | 3. 51% 1. 180
31,000 118, 0 989.% .| 585.8 3,060 3.570 1,375
31, 500 112.8 987.7 | 584.5 | 3.049 3.621 1. 17C
32,000 110, 2 ' . 985.6 | 1583,3 | 3.032 | 3.678 1, 166
32,500 107.6 “ 7. -983.4 | 482.0 2,02 4 3.736 | 1,161
33, 000 105, 2 1.7 : 1.2 580.7 3,015 3,192 1,166
33, 500 302.8 7.5 979.0 579.4 3004 3.881 1, 5%
2y, 000 100. 1 7. 27 ¢ie.8 | 478.) 2,992 | 3,911 1. tu7
34, 500 98.03 | "7.20 97u4.6 | 576.8 | 2,981 | 3.978 1. 42
95,75 7,03 « 972.4 | 575.4 2.969 k.03 1,137
oMU, 24 6,92 . 870.9 574.6 2,962 4,073 1134
93.51 6,873 . 970.9. | 574.6 | 2,962 | u, 105 1,134
91,21 c6. 71 $70.9 b18,0° | 4,962 4, 204 JAB gL
89, 18 6.5 . 970.9 | S74.6 | 2.962 | 4,306 1,134
87.04 6. 39 . 970.9 | B74,6 | 2,962 | 4,810 3130
85,00 . 970.9 §74.6 | 2,962 | U,516 1. 134
82.97 970.9 | 8746 | 2.962 | U.625 1194
81.01 970.9 | 674..6 2,962 {4,737 1134
79, 10 870.9 &70.6 | 2,967 {4, A62 1,134
771. 23 970,9 | 574.6 2,962 4,969 10134
75. 414 . 970, 574.6 | 2.962 | 5.089 1,134
73,64 0,568 970.9. | 574.6 2,962 6. 212 1, 134
71.89 G.595 b70,9 | 70,6 | 2.962 |5.338 | 1.13u
70..18 0,542 970.9 574,86 | 2.962 | 5.487 1. 134
68,56 0.529 970.9. | 574.6 | 2,962 | 6,599 1, 134
66.93 0.516 970.9 y574.6 | 2.962 |6.735% 1,134
45,34 0.504 70,9 574, 6 2.962 5,873 1. 13"4‘
63. 99 1.0, 452 270.9 -| 570.6 | 2,962 |6.016 |- 1.1%
62,29 0. 480 970.9 | 374.6 | 2,962 | 6,161 1, 134
60.82 C.BE5 ov.9 Lamm g | 20ga lelam 1 1l4ay
19,000 . 89,40 0,458 970.9 574, 6 962 | 6. 462 {138

e d | P R

WA TR ShL-3123




TR REASEARSE

PROPERTIES OF AIR AT 29,82 INCH~- MERCURY

TABLE A-2

CONOUC~

A PR

3

TEMPER-]l  VELOGITY OF DYNAMIC KINEMAT {C PRANDTL
ATURE SOUND DENSITY Vi3C0SITY viscoste | GARIC 1 viTY [ wunore
1 A 2 733 197 n p x 0% v CD k NP'

COF |l feesec | hrots | stug/pt3 b/ 03 [stug/rt seclio/te nrl it¥sac| temrlsiie flene 1t ] -
~100 || "820. 1] 550.6] 0.n03u28]0. 1103 2,77 |0.0321 | 0.808 | v.291[0.2393] 0.01085 |o.739
~80 | 955.8| 565.7 azug| 1045 2,90 336 | 0,89y | .322] . 2393 1100 736
-60 || 980. 1| 580.2 3084{0,0992y 2.03 351 | 0.983 | .354] . 2393 1154 | L7
—up |l 1005 | %95.0{ 0.002938 0. 09452 3.16 0.0366 | 1.07¢ | 0.387) .2393] 0.02208 | .728
-35 |l 1000 | 597.9 2030 93kt 3.19 3¢9 | 1.088 | .395] .32303 1221 776
-30 |l 1018 | 5015 2868 9232 , 22 373 | 1.122 | .wouf | 2390 1234 | .725
-5 | logz | 505.0 298] 9126 3.25 376 | 1,016 | .ui2] o239 1287 | L725
~fo ff 1028 | €08.6 2801|9022 3.0 380 | 1.170 | .421] .23%u 1264 | .7au
~{8 I 1034 612, 1 2773 8921 4,31 383 | 1.19¢ JH201 . 239U 1270 .123
-10 || 00 | 6158.7 22| gs2l 3.34 387 | 1.218 | .u39] . 239 1287 ] .722
~5 | 10§ | 618.5 2712|8124 3.37 390 | 1,243 | .ul7( . 2394 1300 | 724
ol 1081 [ 622 28820 B3| 2.40 394 | 7,268 |. .u57| . 2394 1313 | 7%
45 || 1057 | 625.7 2653] 8537 3.43 397 | 1202 | Luss| 2395 326 | 719
w82 | 626.7 2635]  suis 3.46 bor | 1.817 | .uis| . 2368 1335 719
1 || Josg [ 632.3 £507| 8357 3.8 . 408 | Laug | .u83| .2398 1382 | .718
‘30 |l 107 8388 25m| 8270 3,52 uog'| 1.2% | 493! . 2395 1365 .| .717
25 || w80 | 639.4 25yl ales 3,55 uil | 1,394 | 802 . 2396 1378 | 716
30 ft 1085 | 6l2. 2518 eloi 3.5% Syl Lumo | 511 . 2396 1390 715
32 || 1087 | 6u3.s8 2508| .. 8070 3.58 ‘w15 1431 | 5], 2396 1396 | .715
35 || 1050 | si5.3 |'0.002u92(0.0B019 3,680 o.0017 | Ludy | 0.520 |0. 2396 | 0.01403 |0, 714,
bo || lo98 | eua. 2059|1939 3.83 w20 |"-2.473 | 529 . 2306 mis |7
us |l 1201 6852, 2040 7851 3.68 uz2u | 1.489 L5H0 | 42394 1124 713
50 || 1107 | 655.3 ulg 1161 3.69 427 | 1528 | .550] . 2397 wyl | Ly
86 || 1112 | 658.5 2304{ 1103 a.71 431§ 1.553 | 558 .2397 54 | 711
60 || 1118 | 661,7 2372] 1633 3,04 43y | 1,580, | .56 2397 wys7 | 710
65 || 1123 | 66u.9 32| 7436 .77 437 | 1RO .519| 2398 wre | o710
70 || 1798 |68 1 2231 7581 3.80 w1 | 1.A3u | .seg) . 2398 1982 | .709
75 | 1134 | 671.2 2307 123 3.43 ‘4w | 1,981 | (5981 . 2398 ison | .08
80l 17139 | 67u,3 oogu | 7348 3.88 sy | 1,688 | .e08| ,2399 1516 | .708
B5 (| 21ud. | 677.8 2958|7259 3.68 450 | 1,717 | (619 12399 1529 | .07
90 |l 1150 | 680,86 2047 7230 2.91 83 | 1,944 627] 52309 isu1 | l707
95 |l 1155- | 683.7 pzoa! 7163 3.9 466 {.1.720 |. .63} .2000] 1853 | 706
w00 | 1180 | 686, 23| 1089 904 u50 | 1,800 | ..e48| .2100 [* 1565 | .706
105 || 1283 .{.689.8 21801 7015 3.58 vz | 1:828 { .68 .2u00 | 1578 | .705
10 L1170 |'692.8 21861 B937 u.ni ue5 | 1,857 | .e70| .2401]" © (590 | . 70U
136 I-1175. | 695.9 2149|5918 .04 468 | 1.680 | .677. .24011 . 1603 | .700
130~ || 1180, | 699. 1 212 81 U0 W1 | Lo | .eag| .2401 1815 | 703
wo 4 107 | 111,071 0.0090560. 06615 417 [0.0883 | 2.03 | 0.7300.2403 0.01663 |0, 700
160 § 1220 | 722.2 l989]  01{ - 4.D 496 | 2.15 L7735 | .m0k 1711 | Le9s
180 | 7235 | 1311 1927 6201 .38 507 | 2.27 .818 ] . 2u68 1769 696
200 f| 1250 | wz.n 1909|6013 R S5 § .40 863} L au10 1807 | .6%H
220 { 1273 | 753.4 jala|  susb q. 58 530 | 2,52 c908 1 . 2413 1853 | 691
240 || 1202 | 764, 9 1782 5670 ] sz | 2,60 .956 ) . 2u16 1900 | .690
200 T anr1 | 17600 17217] 5517 .77 552 | 2,78 | 1,004 | .2019 19U5 | . 689
w0 (| 13y | 7897 1887|5363 y.gv 568 | 2,02 | 1.052] .2422 1990 | .688
300 {18 | 156.8 1623|5222 w.ee 534 | 5.08 | 1,301 . 2126 2035 | .686
320 | 137y - | BOi. 5 1581] sopa 5.05 565 | 2.09 | 1. 151) L2030 2079 | .405
a0 | 1382 | 6101 1sual 4973 5, i 595 1 3.37 | 1.208] .2030 M2z | Lepl
260 { 1399 | 828, tsoul  ngub 2 806 | 3,47 | 1,254 . 243 zig6 | .83
g0 Mis 839.3 JusR LY ¥ .42 616 1 3.8] 1,306 ] , 24Uu 2209 G2
oo || twis | 85,3 L T s 627 | 3.75 | 1.358] . 2u49 225 | .681
500 | 1519 | 899, 2 |0.00065]0. 6812y, 5,73 0.6675 | .53 | 1637 p. w78 ] 0.02u87 0. 680
800 [| 1398 | 9uu.g el v o0y 2 1 s34 | 130 . 2504 2665 680
200 || 1865 | 988.9 1073l 3u2 2,50 s6n | #.19 ) 2.237) L2538 ey | .682
aoc | Frue 1080, amyl  3ue .08 a06 | 7.11 | 2.562] . 25066 3626 | .64
WADC TR She3l2
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'PRESSURE

OF WATER VAPOR IN EQUILIBRIUM WITH WATER

TABLE A-3

i T o, ¢ P, t 0, t P, t P,
o in, -mercury Of tn,-mercury Of  lin.-mercuryl|l OF in-mercuryl] COF  jlia.-mereery
- U0 4. 0055880 -l 0.037120 32 0. 1803 8 0.6903 W 21778
-39 , 0059204 ~3 030940 33 .1878. 69 L Ta 105 2,247
~ 38 .0062686 -2 .cuoRa7 < 3w . 1935 70 1392 106 2,30%9
-af | --.0066379 -1 .04 2809 35 . 2035 71 . 7648 107 2.3786
-3 | .oot0235 §f o ".ouugs2 36, L2518 12 7912 " 108 2. ua91
~.35 0074320 || 1 087017 37 .2203 73 .R183 109 25214
-3 .0078564 2 049250 38 o2 |l mu .BUE2 A0 25955
=133 .0083116 3 (051593 3 . 2383 75 ", 8750 111 | 2.6718
-32 0087843 il L0510 8 40 FUIL) 16 . 9046 112 | 2.7u94
- 31 ., 0092848 5 .UB6562 s .| L2878 n .9352 113 2,823
-0 .0098099 .- 6 059213 42 2671 78 9686 [ 15 29111
-7 | 010389 7 061964 3 w2782 || 19 ", 9989, 115 2.9948
- 20 L 010938 8 064829 4y L2891 . 80 1.0321 116 3.0806
-2t 01454 9 067800 .. us . 3004 81 | "Lo&64 117 3. 1687
- 24 .012103 14 .070915 46 | . L3120 |7 s2 1.4016 118 3. 2589
- 28 .012849 i 074133 L7 s |oes | ni3re § e 3,3517
- 2 013863 12 077506}, uB J3aen - 84 1.1750 120 3, 4458
- 23 o7 | 13 080989 1 ey ] es 1.2133 | 121 3.5427
- 22 | ,015061 1y . 084636 50 362 | 86 1, 2527 122 3. 6420
<21 ) 015813 ip .080430 51 1 . 3764 87 | L3y | 123 3. 436
- % .016718 1% 092347 52 | .3906 || 88 | 1.3347 . {- 128 | 3.8478
~19 |- 017609 17 09647 53 L4052 89 13775 125 2.9539
~18 | .o18537 | .18 - . looes’ 54 L4203 % 1.4215 126 4.0629
- 17 019515 19 . 10510 55 | - .4389 91 1.1667- 127 | 41745
- 16, .020532 -20 . 10967 56 R 92 1,513% - 128 u, 2687
- 15 L 021604 21 L 1lduy Y T T 93 1.5608 il 179 L, 4055
R 022t 22 11936 oo | F.usse YU osu | t.e007 R 30 | 8280
.13 ,023892 B . 12usd 89 .5035 95 | -1.6600 13 uoeuru
- 12 .025119, 2 ames |ow 15218 96 | n7117 132 | w728
-1y L 026395 25 L13836° || 61 , 5407 97 1.7647 1133 | u,9005
~10 | . L021737 26 L1112 " 62 5601 98 1.8192 134 5.0318
~9 | .0H130 21 . 1705 63 5802 99 1.3751 135 5. 1683
-8 | .030596 w |, s Bl L6009 |- 100 .| 1.4328 136 5.3022
-1 .032117 » . 16961 65 . 6222 101 1.9915 137 5.4421
-6 032717 36 . 16627 66 T, 102 2.0519 138 5.5852
- L035176 29 17344 b7 . 6659 103 2.1138 139 5. 7316
' : L ) » ) 5. B81¢

| S,
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TABLE A-4
CONVERSION FACTORS

To convert Trom the number of b to the numtiar of multiply by
length inch m 2. 540
- length » ft on 30. 41
'xength statule mile 1t 5260
Tength Internatl;Q$L naut ical ft ' 5076.1
droplet dlamater mlcrons 13 10-8+ 3, 281
droplet- diameter micronsg - 1072 Ia, 10~3+ 39,37
speed | ‘ mph #1/sec BT
" . tpead ' knot ft/sec 1. 680
epesd 11/sec Knot 55985
speedvr mph knot 0.B&%0
-spead: knot " fiih 1.151
“mags . . grams tb, 0,002208
“mass RN ! gram 453, 6
mass; density ' "sly.g: slug/ 3 LAWY 32,17
mass; dens| ty 0,510,/ 1t? . slug;slug/ft) 0.0311
1¥quid water content gran/cu metar \ 1b/ 143 10-5+ 62, 10
Viquid water content, o/l gram/cu meter 16018 '
pfessqré : ¥ Jb/ftzl. in,~marecury 0.0141U
prasaure ; in.'-merc“_.ury w/ine 3
prossurs /112 Iny=water 0. 1928
‘brpssu(a "o ine-water W/ te2 5. 198
pressure in.~mercury Ib/Sq in.. 0.49115
viscosity, dynamlc slug/ft sec Cb /e b 115830
viscosily, dyhamlc slug/ ft qeé' 1, gec/rt? 1
viscosity, kinematic em?/ sec tt3/hr 3,874
mutual diffusivity em?/ zac th2/nr .61
heat tiow a/he watt 0.293
heat fiow watt B/hr 3.412
hgal flow per
unit area a/nr 112 - watt/om? 10-3:0,31n5
e e g/hr 11 wattiss in, 10-% 2,015
heat flow per “
unll arca watt/in? B/Hr ft* ug1
conductivity watt/cm ¢ B/hr tt F 87,79
conduct ivity B/nr It F watt/cm ¢ 0.0113
copfficient of
heat transfer watt/em? ¢ p/ne ft2f 1761
ct::Snfl”lLrir:ﬁ?stleorf a/he #E2F walt/cm® ¢ 10770, 4670

WADC TF

Aceeleralion  constont

q-=

Machanice souivatent of neat J = 7/R.7 ft Yo/

Sh-312
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AFTERWORD

This work was & .bmitied in Decusber, 1950 o
the Equipment Laboratory, WADC, fcr ‘e-lrical ..orroval,
Orr January L, 1955, vr. Max Jeikob 4 =»3. Since that
time adwinistritive duties related {% ti:s wor: iere
performed by sr. otvihe P. Kezios, Ating Mire teor,
Heat Transfer Laborutory, II¥. Some rinos rev:s.ons
cf the menuscript ":ave been made, anc uhw nomor: cphs
in the armendix, vhich were consctructs vy M. Xemal
T1din He3sur. have L.er aZuade
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